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1 Introduction

This document describes the channel models for 60 GHz Wireless Local Area Networks (WLANs) systems based on the results of experimental measurements. The goal of the channel modeling is to assist 60 GHz WLAN standardization process.
The document proposes a general structure of a new channel model which takes into account important properties of 60 GHz electromagnetic waves propagation. This model is then applied to different channel modeling scenarios by using appropriate model parameters. The current revision of this document presents a detailed description and parameters of the channel model for a conference room scenario and living room scenario. The channel model allows for generating a channel realization that includes space, time, amplitude, phase, and polarization characteristics of all rays comprising this channel realization. The space characteristics of rays include azimuth and elevation angles for both transmit and receive sides. 

Three basic channel modeling scenarios are proposed in accordance with the proposal for the TGad Evaluation Methodology (EVM) document [1]. These are conference room, cubicle and living room scenarios. 

Reference antenna models that may be applied to the generated space-time channel realizations are implemented in the channel model and described. Three types of antenna models are proposed to be used together with the channel model. These are isotropic antenna, basic steerable directional antenna and phased antenna array models. 

2 General Characteristics of Channel Model

2.1 Requirements for Channel Model

The following are requirements of channel models for 60 GHz WLAN systems [2], [3] taking into account properties of 60 GHz channels and applications of 60 GHz WLAN technology:

· Provide accurate space-time characteristics of the propagation channel (basic requirement) for main usage models of interest;

· Support beamforming with steerable directional antennas on both TX and RX sides with no limitation on the antenna technology (i.e. non-steerable antennas, sector-switching antennas, antenna arrays);

· Account for polarization characteristics of antennas and signals;

· Support non-stationarity characteristics of the propagation channel arising from people motion around the area causing time-dependent channel variations.

2.2 General Structure of Channel Model

The current version of the document proposes a channel structure model that provides accurate space-time characteristics and supports application of any type of directional antenna technology. The model allows for generating channel impulse responses with and without polarization characteristics support. For the sake of description simplicity, this section first gives a structure of the channel model without polarization characteristics and then shows how the model is extended to account for polarization characteristics.
The channel impulse response function for the channel model without polarization characteristics support may be written using a general structure as:
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where:

· h is a generated channel impulse response.

· t, (tx, (tx, (rx, (rx are time and azimuth and elevation angles at the transmitter and receiver, respectively.

· A(i) and C(i) are the gain and the channel impulse response for i-th cluster respectively.

· (( )- is the Dirac delta function.

·  T(i), (tx(i), (tx(i), (rx(i), (rx(i) are time-angular coordinates of i-th cluster.

· ((i,k) is the amplitude of the k-th ray of i-th cluster 

· ((i,k), (tx(i,k), (tx(i,k), (rx(i,k), (rx(i,k) are relative time-angular coordinates of k-th ray of i-th cluster.

The proposed channel model adopts the clustering approach with each cluster consisting of several rays closely spaced in time and angular domains. In a real environment, time and angular parameters of different clusters and rays are time varying functions due to a non-stationary environment. However, the rate of these variations is relatively slow. The main source of non-stationarity is envisaged to be the people motion.
As it is further described in Section 2.4, support of polarization characteristics requires the channel impulse response to be a 2x2 channel matrix rather than just a scalar as in (1). A 2x2 matrix is required to describe the propagation channel between two orthogonal orientations of the electric field vector E on the transmit and receive sides. 
Based on experimental results and theoretical analysis of the phenomenon, the polarization characteristics of the model were introduced at the cluster level, assuming that all rays comprising one cluster have (approximately) the same polarization characteristics. Therefore, extending the channel structure for polarization support requires changing scalar cluster gain coefficients A(i) in (1) by 2x2 cluster polarization matrices H(i), and the channel impulse responses realization to be described by matrix h:
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The structure of the model for intra cluster channel impulse response C(i) is kept unchanged from (1). More details on support of polarization characteristics are elaborated in Section 2.4. Simulation of the channel model without support of polarization characteristics corresponds (approximately) to the case of both antennas having horizontal linear polarization as was the case in the measurement setup used to collect the data for the conference room scenario.
The same general structure of the channel model (1) and (2) was used for all three considered modeling scenarios. However, statistical characteristics of different time and angular parameters of the channel model are specific for each scenario. To further improve the accuracy of the propagation channel prediction, two additional channel modeling mechanisms are introduced. First, the clusters within each scenario are classified into different types (e.g. first and second order reflections from walls are different types of clusters) with specific statistical characteristics of inter cluster parameters. Second, some of parameters of individual clusters within the same cluster type are described by taking into account their statistical dependence. These approaches improve the accuracy of the propagation channel modeling. This was verified by directly comparing the channel model with experimental data and ray-tracing simulations.

2.3 Model Development Methodology

As it follows from the proposed general model structure (1), (2), the inter cluster and intra cluster temporal and spatial parameters need to be specified to define the channel model for some scenario. It was verified by several experimental measurements ([4]-[7]) that 60 GHz propagation channel is clustered and the clusters correspond with a good accuracy to signal propagation paths predicted by ray-tracing techniques. This fact was taken into account in the used channel model development methodology. 
The amount of experimental data was limited and to generate the inter cluster characteristics (clusters time of arrival, azimuth and elevation angles of arrival and departure) ray-tracing was used. Exploitation of ray-tracing approach allowed for significant increase in available channel clusters realizations used to derive the statistical channel model parameters. For example in the conference room scenario, the application of ray tracing approach allowed to increase the number of channel realizations from about 15 experimental realizations to 100 000 ray-tracing realizations. 
However, intra cluster parameters cannot be predicted using ray-tracing and the intra cluster structure was derived from available measurement data. The intra cluster model development was facilitated by the fact that each experimental realization includes several (typically about 10) channel clusters to average over.
Special considerations are required to support polarization characteristics. The approach used to account for polarization impact is described in Section 2.4.
2.4 Polarization Characteristics Support
2.4.1 Polarization Impact for 60 GHz WLAN Systems

Polarization is a property of EM waves describing the orientation of electric field E and magnetic intensity H orientation in space and time. The vector H due to properties of EM waves can always be unambiguously found if E orientation and the direction of propagation are known. So the polarization properties are usually described for E vector only.

Due to properties of 60 GHz propagation channel, the impact of polarization characteristics is significant and is substantially higher than for below 6 GHz WLAN bands. The physical reason for the high impact of polarization characteristics is that even NLOS (reflected) signals remain strongly polarized (i.e. coupling between orthogonal polarization modes is low) and cross-polarization discrimination (XPD) is high even for NLOS signals. The polarization of signals is changed by reflections and different types of antenna polarizations provide different received signal power for various types of clusters (e.g., LOS, first-order reflection, second-order reflection). Experimental proof of the strong polarization impact on 60 GHz WLAN systems was given in [8]. It was demonstrated that a mismatch in polarization characteristics of the transmit and receive antennas can result in a degradation of 10-20 dB. Therefore, accurate account for polarization characteristics in the 60 GHz WLAN channel models is necessary.
To support polarization impact in the channel model, polarization characteristics of antennas and polarization characteristics of the propagation channel should be introduced. An approach to introduce polarization characteristics into the 60 GHz WLAN channel models was proposed in [9]. This approach was used as a basis for the development of the polarization model used in this document. The next sections provide details of this approach. 
2.4.2 Antenna Polarization Properties
In order to develop a polarization impact mode, the description of the polarization properties of antennas should be agreed upon.
In the far field zone of the EM field radiated by the antenna, the electric vector E is a function of the radiation direction (defined by the azimuth angle ( and elevation angle ( in the reference coordinate system) and decreases as r-1 with increase of the distance r. An illustration of the transmitted E vector in the far field zone is shown in Figure 1.
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Figure 1. Transmitted E vector in the far field zone
Vector E is perpendicular to the propagation direction k and can be decomposed into two orthogonal components: E( and Eφ that belong to the planes of constant φ and constant ( angles respectively. Knowledge of E( and Eφ of the radiated signal (which may be functions of φ and () fully describes polarization characteristics of the antenna in the far field zone.
2.4.3 Polarization Properties Description Using Jones Vector

Wave polarization can be described using Jones calculus introduced in optics for description of the polarized light. In the general case, a Jones vector is composed from two components of the electric field of the EM wave. The Jones vector e is defined as the normalized two-dimensional electrical field vector E. The first element of the Jones vector may be reduced to a real number. The second element of this vector is complex and, in the general case, defines phase difference between orthogonal components of the E field.

For antenna polarization model used in this document, the orthogonal components of Jones vector are defined for E( and Eφ components respectively. Examples of antennas polarization description using Jones vector are shown in Table 1.
Table 1. Examples of antennas polarization description using Jones vector

	Antenna polarization type
	Corresponding Jones vector

	Linear polarized in the (-direction
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	Linear polarized in the φ-direction
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	Left hand circular polarized (LHCP)
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	Right hand circular polarized (RHCP)
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2.4.4 Polarization Characteristics of Propagation Channel

With the selected E field bases (E( and Eφ components) for the TX and RX antennas, the polarization characteristics of each ray of the propagation channel may be described by channel polarization matrix H.

In this case, the transmission equation for a single ray channel may be written as:
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where x and y are the transmitted and received signals, eTX and eRX are the polarization (Jones) vectors for the TX and RX antennas respectively. Components of polarization matrix H define gain coefficients between the E( and Eφ components at the TX and RX antennas. 
For the LOS signal path, matrix HLOS is close to the identity matrix (non-diagonal components may be non-zero but significantly smaller than diagonal elements) multiplied by the corresponding gain coefficient due to path loss. LOS propagation does not change polarization characteristics of the signals. However, polarization characteristics of the signals are changed upon reflections. The change of the polarization characteristics upon reflection is defined by the type of the surface and the incident angle. Thus, polarization characteristics may be different for different clusters but are similar for the rays comprising one cluster. For this reason, the polarization impact was modeled at the cluster level with all rays inside one cluster having the same polarization properties. Modeling polarization impact at the level of individual rays would unnecessary complicate the model and would not provide any essential increase of the model accuracy. Account for polarization at the cluster level is included in the general structure of the model with polarization characteristics support given in (2).
2.4.5 Polarization Channel Matrix for First and Second Order Reflections

It is known that reflection coefficients are different for E field components parallel and perpendicular to the plane of incidence and depend on the incident angle. Theoretical coupling between parallel and perpendicular components of the reflected signal is zero for plane media interfaces (boundaries). But due to non-idealities (roughness) of the surfaces some coupling always exists in the real channels.

An example of a first order reflected signal path is shown in Figure 2. 
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Figure 2. First order reflected signal path

The polarization matrix for the first order reflected signal path may be found as a product of the matrix that rotates E vector components from the coordinate system associated with the TX antenna to the coordinate system associated with the incident plane. Next, reflection matrix R with reflection coefficients and cross-polarization coupling coefficients is applied, followed by a rotation to the coordinate system associated with the RX antenna. Thus, the channel propagation matrix for the case of the first order reflected signals may be defined as:
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The reflection matrix R includes the reflection coefficients R( and R|| for the perpendicular and parallel components of the electric field E ( and E || respectively. Elements (1 and (2 in the matrix R are cross-polarization coupling coefficients. 

Note that the structure of matrix H given in (4) does not include the propagation loss along the corresponding reflected path, which should be taken into account in the final model, but does not impact polarization properties.

Similar to (4), the structure of polarization matrix H for a second order reflection is given in (5) and includes additional rotation and reflection matrices.
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Note that in general case the first incident plane dose not coincide with the second incident plane. Therefore the additional recalculation from coordinate system associated with the first incident plane to the coordinate system associated with the second incident plane is required.

To obtain statistical models for different types of reflected clusters, the following methodology was proposed. First, (statistical) models for the elements of the reflection matrix R are defined. This may be accomplished by using available experimental data (e.g. [10]) or theoretical Fresnel formulas. Then ray-tracing of interesting environments (conference room, cubicle environment, and living room) is performed with taking into account geometry and polarization characteristics of the propagation channel. After that multiple realizations of the channel polarization matrices H for different types of clusters are found and their statistical models are derived by approximation of the calculated empirical distributions.

Note that there are generally two mechanisms for depolarization (coupling between orthogonal components of the E vector at the TX and RX sides). These are reflection coupling (coupling between parallel and perpendicular E vector components at the reflection) and geometrical coupling (coupling because of the different relative orientations of the TX and RX antennas). It may be seen that the proposed approach allows accounting for both mechanisms to create an accurate polarization impact model.

2.5 Usage of Channel Model in Simulations

This subsection gives a brief description of the channel realization generation process that is implemented in the channel model. The whole process of the channel realization generation is schematically shown in Figure 3.
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Figure 3. Process of channel realization generation

The generation of the channel impulse response begins with selecting model input parameters. 
The next step is generation of all possible channel clusters between the transmitter and receiver. Amplitude, time, and angular and polarization characteristics for all clusters are generated. 
In a real environment not all the clusters are available for communication, some of the clusters are blocked by people, furniture, and other objects. To take this into account, a part of the clusters is blocked in the channel model. The blocked part of the clusters is selected randomly. Each cluster has an individual probability of being blocked. This probability is independent from the blockage probabilities of other clusters. 
After a subset of non-blocked clusters is defined the intra cluster parameters for each non-blocked cluster are generated. Each cluster consists of multiple rays and the output of this step includes amplitude, phase, time, and angular parameters for all rays of the given channel realization. After this step the generation of channel realization is completed. But in order to be used a simulation, antenna models must be applied to the generated realization and it must be converted from continuous to discrete time.

Reference antenna models and beamforming algorithms are included, which may be applied in the next step of the channel realization generation process. The beamforming algorithms may have input from the baseband, for example, setting the weight vector of antenna array.

In the last step the channel impulse is converted from continuous time to discrete time with the specified sample. After this step the generation of the discrete time channel impulse response is completed and useable in simulations.

3 Conference Room Channel Model

3.1 Measurements and Modeling Scenarios

The channel model for the conference room environment is based on the experimental results that were partially presented in [4]. 

Several sets of measurements have been carried out in three similar office conference rooms with dimensions equal approximately to 3 m x 4.5 m x 3 m (W x L x H). All the conference rooms have a big table in the middle and chairs around the table. The capacity of the rooms is about 8 to 10 people. More details on the measurements scenario and exploited setup may be found in [4]. The floor plan of the conference rooms used in the experiments is the same as for the conference room simulation scenario description in the EVM [1]. For all the conference rooms, the window wall is an outer concrete wall with surface covered by plasterboard. The other three walls are typical interior walls made of two plasterboard sheets with an air gap between them.
The EVM defines the conference room simulation scenario where communications are done either between two STAs located in the table (STA-STA sub-scenario) or between a STA on the table and the AP on the ceiling (STA-AP sub-scenario). Two sets of parameters for the general channel model were defined for these two sub-scenarios. 
For both sub-scenarios, communications between devices may be done using LOS link and/or first and second order reflections from walls and ceiling. Reflections from the table were not considered. The reflections from the table in the STA-STA sub-scenario may lead to very deep flat fading due to interference of two strong rays (LOS and reflected rays) with a small separation in the time domain and angular domains. The impact of the table reflections may be taken into account in the STA-STA scenario by introducing the fading effect into the LOS path.
The rest of the conference room channel model description is organized as follows. Section 3.2 explains the model development methodology. Section 3.3 defines temporal and spatial inter cluster parameters for the STA-STA sub-scenario. Section 3.4 describes polarization characteristics modeling for the STA-STA sub-scenario. Section 3.5 specifies inter cluster parameters for the STA-AP sub-scenario. Polarization characteristics for the STA-AP are given in Section 3.5.6. Intra cluster parameters are common for both sub-scenarios and are described in Section 3.7. 
3.2 Model Development Methodology

This section describes the methodology used to develop a channel model for the conference room environment.

The experimental results [4] demonstrate that the propagation channel is clustered and that time and angular positions of clusters correspond (with low deviations) to the first and second order reflections predicted by the geometrical optics (ray tracing). The clustering phenomenon of the propagation channel has been taken into account in the channel model structure as shown in Section 2.

The inter cluster parameters include amplitude of the cluster, time of arrival, azimuth and elevation angles for TX and RX. As it was described above, good matching of time and angular characteristics between measurements and ray tracing has been obtained experimentally. 

Since the experimental set of parameters values was limited, time and angular inter cluster parameters were obtained from ray tracing simulations. A ray tracing model of the conference room with dimensions 4.5 x 3 x 3 m has been used to generate multiple realizations of 1st and 2nd order reflected clusters.
Two sub-scenarios were considered as it is explained in Section 3.1. For the STA-STA sub-scenario, communicating STAs were assumed to be located at the table in a center of the room. TX and RX pairs were randomly placed in a flat layer with the height equal to 1m and the horizontal dimensions equal to 2.5 x 1 m. The TX and RX positions were distributed uniformly within this layer. For the STA-AP sub-scenario, the AP had a fixed position near the ceiling defined by the EVM and the STA had the same distribution of its geometrical position as in the first sub-scenario.
The first and second order reflections from walls and ceiling were considered for the STA-STA sub-scenario. The 3D model of the room for the STA-STA sub-scenario is shown in Figure 4.
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Figure 4. 3D model of the conference room used for ray tracing in the STA-STA sub-scenario
For the STA-AP sub-scenario, only first and second reflections from the walls were modeled because the AP was fixed near the ceiling and thus could not receive signals reflected from the ceiling. The 3D model of the room for the STA-AP sub-scenario is shown in Figure 5. The reflections from the floor were not taken into account in both sub-scenarios as they were assumed to be blocked by the table.
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Figure 5. 3D model of the conference room used for ray tracing in the STA-AP sub-scenario
Statistical time and angular characteristics of the first and second order reflections were calculated from ray tracing simulations results and then used to derive the corresponding inter cluster time and angular parameters for the CR channel model.
The probability density functions (PDFs) for amplitudes of the clusters were estimated using an approximation of the experimental statistical distribution.

For the purposes of channel modeling all clusters are divided into several groups where clusters in the same group have similar properties. There are five groups of clusters for the STA-STA sub-scenario and three groups of clusters for the STA-AP sub-scenario. The total number of clusters in each group is constant for both sub-scenarios and is given in Table 2.
Table 2. Number of clusters in the cluster groups for the STA-STA and STA-AP sub-scenarios
	Type of clusters
	Number of clusters for STA-STA sub-scenario
	Number of clusters for STA-AP sub-scenario

	LOS path
	1
	1

	First order reflections from walls
	4
	4

	Second order reflections from two walls
	8
	8

	First order reflection from ceiling
	1
	-

	Second order reflections from the walls and ceiling*
	4
	-


* - Chosen geometrical positions of the TX and RX guarantee that there are four such clusters in total – one cluster for every wall with either reflection from the wall and then ceiling or the ceiling and then the wall.
Different groups of clusters have different characteristics (e.g. reflections from walls for the first sub-scenario only have zero elevation angles) and this was taking into account in the simulation model. The PDFs of parameters for different clusters have been obtained from ray tracing and their approximations were used for the channel model development.
As mentioned in Section 2.5, not all available clusters are included in the generated channel realization as some clusters are blocked. The probabilities of clusters blockage for different clusters groups of the conference room channel model are described for the STA-STA sub-scenario in Section 3.3.8 and for the STA-AP sub-scenario in Section 3.5.7.
With perfect mirror reflections each cluster will consist of exactly one ray. But taking into account the roughness and heterogeneity of the surfaces as well as the presence of additional small different reflectors each cluster may include several rays closely spaced with each other in time and angular domains. In the channel model the intra cluster parameters were identified based on the processing of experimental data. The description of the intra cluster parameters modeling is provided below in Section 3.7. The intra cluster model is the same for both conference room sub-scenarios.
Details on the polarization impact modeling for the conference room scenario are given in Section 3.4.1 because the material is partially based on the results given in Section 3.3.
3.3 Inter Cluster Parameters for STA-STA Sub-scenario
This section gives description of the statistical models for inter cluster parameters of the STA-STA sub-scenario.

3.3.1 LOS Ray

The first type of cluster is the LOS path, which is modeled as a single ray with the gain equal to: 

	A(0) = λ/(4d)
	(6)


where λ is a wavelength, and d is a separation between TX and RX. Parameters λ and d are input parameters of the channel model. 

Relationship (6) is derived from the Friis transmission equation, which sets the signal receive power Prx as:
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where Gtx and Grx are TX and RX antennas gains respectively and Ptx is the transmitted power. The antenna gain coefficients are taken into account when an antenna model is applied and so the LOS amplitude gain is given by (6).

The LOS component has zero TX and RX azimuth and elevation angles and also zero time of arrival (TOA). The TX and RX elevation and azimuth angles, as well as times for arrival for other clusters, are defined relatively to the LOS path in the STA-STA sub-scenario.

3.3.2 Time of Arrival Distribution for Different NLOS Clusters

TOA of different clusters is calculated relatively to the LOS path time of arrival. Empirical distributions of the TOA for different cluster groups have been obtained by ray tracing simulations. Then piecewise linear approximations of the empirical probability density functions (PDFs) were used to develop statistical models for the TOA parameters.

The empirical PDF obtained from ray tracing simulations and their approximations are shown for different groups of clusters in Figure 6.

[image: image16.png]POF

Times of arrival distribution
035

=7 Tst order walls clusters
6~ 1st order ceiling clusters
&~ 2nd order walls clusters
—&~ 2nd order wal g clusters

03}

time of arrival, s




Figure 6. TOA empirical distributions obtained from ray tracing (solid curves) and approximations used in the channel model (dashed curves)

The following equations are used for approximations of TOA PDFs for different clusters groups (time unit is ns):

First order reflections from walls
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First order reflections from ceiling
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Second order reflections from walls and ceiling
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Second order reflections from walls
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3.3.3 Angular Characteristics for First Order Reflection from Walls

There are four clusters corresponding to four first order reflections from walls (one reflection per wall).

An example of four clusters corresponding to the first order reflections from walls is shown in Figure 7.
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Figure 7. Example of four clusters corresponding to the first order reflections from walls

The example illustrated in Figure 7 demonstrates that angular parameters of the four clusters are dependent upon each other. If angular parameters of the four clusters were generated independently, there may be a case of overlapping of multiple clusters. Such overlapping is not encountered in practice and will impact simulation results.

The model for generating the clusters corresponding to the first order wall reflections takes into account the following properties:

I. Elevation angle is equal to zero for all clusters at both TX and RX;

II. There are always two positive and two negative angles when considering TX azimuth angles of all four clusters. For example, in Figure 7 (1TX and (4TX are positive, but (2TX and (3TX are negative. 

III. At the RX side there are also two positive and two negative azimuth angles. In Figure 7 (2TX and (3TX are positive, but (1TX and (4TX are negative.

IV. Every cluster has either positive TX and negative RX azimuth angles, or, vise versa, negative TX and positive RX azimuth angles. For example, cluster 1 and 4 in Figure 7 have positive TX azimuth angles but negative RX azimuth angles. Clusters 2 and 3 in Figure 7 have negative TX azimuth angles but positive RX azimuth angles.

V. Considering a pair of clusters with positive TX and negative RX azimuth angles (e.g. clusters 1 and 4 in Figure 7), a cluster with the larger absolute value of TX azimuth angle (e.g. cluster 1 in Figure 7) will have a smaller (than other cluster) absolute value of the RX azimuth angle (cluster 1). Correspondingly the cluster with smaller absolute TX azimuth angle (cluster 4) will have a larger absolute RX azimuth angle. The same is true for the other pair of clusters with negative TX and positive RX azimuth angles (e.g. clusters 2 and 3 in Figure 7).

Taking into account the described properties, the azimuth angles were generated simultaneously for pairs of clusters with the same signs of azimuth angles (e.g. clusters 1 and 4 from Figure 7). The TX and RX angles for a given pair were generated independently but with taking account property V described above.

The joint distribution (histogram) for angle pairs is shown in Figure 8 for pairs with positive and negative angles. The pair of angles for cluster A ((A) and angles for cluster B ((B) in Figure 8 may be two positive TX angles and two negative for clusters 1 and 4 from Figure 7. Also the distribution from Figure 8 is valid for two positive RX angles and two negative TX angles for clusters 2 and 3 from Figure 8.
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Figure 8. Joint distribution (histogram) of azimuth angles with the same sign for two clusters corresponding to first order reflections

As it was mentioned above the main reason for using the joint distribution of a pair of clusters azimuth angles is to maintain necessary relationships between angular characteristics of different clusters. It can be seen from Figure 8 that there are no first order clusters which are closely spaced in angular domain.

The joint distribution shown in Figure 8 has a complex form and an approximation of this distribution for the channel model is used for simplicity. The distribution shown in Figure 9 (uniform in the marked trapezoidal sectors) was used in the conference room channel model for approximation of the joint distribution for clusters azimuth angles shown in Figure 8.
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Figure 9. Approximation of the joint distribution of azimuth angles with the same sign for two clusters corresponding to first order reflections

Analytically, the proposed approximation for clusters with positive azimuth angles is described as a two dimensional distribution function that is uniform in the trapezoidal areas 1 and 2.

Trapezoidal area 1 is defined by the following equations (all conditions are met simultaneously):
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where all angles are measured in degrees.

Trapezoidal 2 area is symmetrical to area 1 and is defined by the following equations (all conditions are met simultaneously):
	
[image: image25.wmf]ï

ï

ï

î

ï

ï

ï

í

ì

£

-

³

-

×

÷

ø

ö

ç

è

æ

³

-

×

÷

ø

ö

ç

è

æ

£

0

0

0

0

0

180

82

90

140

62

90

140

A

B

A

B

A

B

j

j

j

j

j

j


	(13)


3.3.4 Angular Characteristics for First Order Reflections from Ceiling

A single cluster corresponding to the 1st order reflection from the ceiling takes into account the following properties:

· all azimuth angles are equal to zero;

· elevation angles for TX and RX are equal to each other.

The empirical PDF of the elevation angle obtained from ray tracing simulations and an approximation are shown below in Figure 10.

The approximation for the PDF of the elevation angle is given by the following equations:
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where all angles are measured in degrees.

3.3.5 Angular Characteristics for Second Order Reflections from Walls and Ceiling

The model for the second order reflections from walls and ceiling take into account the following properties:

· There are in total four second order clusters corresponding to reflection from wall and then ceiling or from ceiling and then wall for the chosen distributions of TX and RX positions. 

· There is always exactly one reflection for each wall (either wall and then ceiling or ceiling and then wall).

· The azimuth angles for these clusters are equal to the azimuth angles of the clusters from first order reflections from walls.

· The elevation angles of the same cluster are equal for TX and RX.

The empirical PDFs and approximations for elevation of second order walls and ceiling reflections are plotted in Figure 10.

The elevation angles are generated using the following equation:
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where all angles are measured in degrees.

[image: image28.png]POF

Elevation angles distribution
01

0 10 20 30 0 50 60 70 80 %0
elevation angle, deg




Figure 10. Empirical PDF and approximations for elevation angles of first order reflections from ceiling and second order reflections from walls and ceiling

3.3.6 Angular Characteristics for Second Order Reflections from Walls

This group of clusters has the following main properties:

· There are in total eight clusters corresponding to the second order reflections from walls.

· These clusters have elevation angles equal to zero.

· The TX azimuth angles for these clusters are equal to either the RX azimuth angle or RX azimuth angle +/– 1800.

· There are four regions in the joint distribution of TX and RX azimuth angles and there are always two clusters in each region.

The joint distribution (histogram) of TX and RX azimuth angles for second order reflections from walls is shown in Figure 11. It can be seen that there are in total four different regions, as mentioned above, and two clusters were generated for each region. The uniform distribution in the range of [-1800,00] or [00,1800] was used for an approximation of the azimuth angle distribution function.
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Figure 11. Joint distribution (histogram) for TX and RX Azimuth angles for second order wall reflections

TX and RX azimuth angles (tx1, (rx1, …, (tx8, (rx8 for the eight second order reflections from walls are calculated as:
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where u1, …, u8 – are independent random variables uniformly distributed in the interval [0,1].

3.3.7 Gain of Clusters

As it was mentioned above the gain for LOS is predicted by the Friis transmission equation (or free space propagation law). For NLOS first and second order reflected clusters the gain is calculated as:
	A(i) = g(i) λ / (4 (d + R));       R = c t
	(17)


where g(i) is a reflection loss, λ is a wavelength (5 mm), d is a distance between TX and RX (along LOS path), R is a total distance along the cluster path decreased by d, R is calculated as a product of TOA relatively LOS and the speed of light. 

Figure 12 shows histograms of measured reflection losses the first (a) and second (b) order reflection clusters and their approximations by truncated Gaussian distributions. The model for g(i) obtained from experimental distributions of the first and second order reflections is given by a log-normal distribution (normal in dB). The parameters of distribution for the first order reflection clusters is given in Figure 12a and the parameters of distribution for the second order reflection clusters is given in Figure 12b.
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Figure 12. Histograms of measured reflection losses for the first (a) and second (b) order reflection clusters and approximations by truncated Gaussian distributions
As explained in Section 2.4, the gain of clusters depends on their polarization characteristics and the polarization characteristics of the used antennas. The statistical models of the cluster gains presented in this section are a fit to the experimental data obtained with both TX and RX antennas having linear horizontal (vertical) polarizations. Thus, the models may be directly used in the simulation case where polarization characteristics are not supported. However, then simulation is done with support of polarization characteristics, these models are not directly applicable and polarization matrices need to be used instead as it is explained below in Section 3.4. 
3.3.8 Model of Dynamical Human Blockage 
In a real environment not all clusters that occur in an empty conference room may be used for communication. Part of the clusters may be blocked by people sitting or moving in the conference room and also by other objects. This effect is taken into account in the channel model by the introduction of the cluster blockage probability associated with each type of cluster. In reality, different objects and people blocking signal propagation paths may have more complicated effect on the channel structure. For example, additional reflected clusters may appear. But, in order to keep the channel model complexity low, this effect was modeled by simple human induced cluster blockage.
This section describes the model of dynamical human blockage for the 60 GHz channel model based on ray tracing in combination with a random walk model and a diffraction model, as presented in [11] and [12]. The model includes dynamics in the channel model by introducing cluster blockage random events. Each cluster blockage event corresponds to substantial decreasing the given cluster power during some time period due to obstruction by a moving human body in the conference room. Probabilities of blockage events for different number of clusters were estimated.
The model use the following assumptions/simplifications, 

· Channel realizations are generated independently for some random time instances.

· Blockage random events are independent for different clusters.
In order to get a complete model, with this assumptions it is sufficient to define the probabilities of cluster blockage events and the amplitude (or power) attenuation distribution functions for cluster blockage events. These parameters of the dynamical channel model have been derived from the simulation data presented in [11] and [12].
Due to the fact that both devices are positioned on the table the first order reflections from the ceiling are not influenced by human movement and hence have a blockage probability of 0. In case of first order reflections from walls and second order reflections from walls and ceiling the simulation results show that the probability of multiple simultaneously blocked clusters is 0. The probabilities that a single cluster is blocked are given in Table 3. For both cases one cluster among the 4 available is blocked with the probability given in Table 3, whereas all clusters have equal probabilities to be chosen. In the case of 2nd order reflections from walls, the simulations have shown that multiple clusters can be blocked simultaneously. The number of simultaneously blocked clusters is modeled by a binomial distribution with the probability of cluster blockage event p = 0.175, leading to a probability of 0.215 that no cluster is blocked, which agrees with the ray tracing simulations [12].
Table 3. Probabilities of clusters blockage for the STA-STA sub-scenario
	Cluster type
	Probability of single cluster blockage

	LOS
	0 or 1 (set as a model parameter)

	First order reflections from walls
	0.24

	First order reflections from ceiling
	0

	Second order reflections from wall and ceiling
	0.037

	Second order reflections from walls
	p=0.175 (binomial distribution parameter)


The attenuation coefficient has a specific profile in time domain which was investigated in detail in [11], [12], and [13]. A statistical model for the attenuation characteristics due to obstruction by one moving human body is given in the following. Measurements have shown that in reality a cluster is not fully blocked by a person, but attenuated by a certain amount [11]. This paragraph describes a statistical model for the attenuation due to human bodies based on ray tracing simulations together with a random walk model and a multiple knife edge diffraction model [12]. Regarding the attenuation characteristics of a blockage event, the ray tracing/random walk simulations have shown that two types of clusters have to be distinguished: clusters without a reflection at the ceiling and clusters with a reflection at the ceiling. The simulation results have also shown that the attenuation distribution functions are equal for both sub-scenarios (STA-STA and STA-AP) [13].
Figure 13 shows histograms of simulated cluster blockage attenuation values for the second order reflection clusters from walls and ceiling (a) and the first/second order reflection clusters from walls (b). In addition approximations by truncated Gaussian distribution and Gaussian mixture model are depicted. In the case of clusters without a reflection at the ceiling the model is given by a truncated Gaussian distribution function in log-scale to approximate the attenuation distribution function. The parameters of the Gaussian distribution are  = -18.4 dB and  = 8.8 dB. In the case of clusters without a reflection at the ceiling the model is given by a truncated second order Gaussian mixture model (GMM) in log-scale. The parameters of this distribution are 1 = -18.2 dB,  = 8.3 dB,  = 0.83,  = -47.2 dB,  = 10.0 dB, = 0.17. In both cases the truncation level is proposed to be equal to 0 dB.
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Figure 13. Histograms of simulated power attenuation due to human blockage (a) for the second order reflection clusters from walls and ceiling and (b) the first/second order reflection clusters from walls and approximations by Gaussian distribution and Gaussian mixture model
3.4 Polarization Impact Modeling for STA-STA Sub-scenario
3.4.1 Polarization Impact Model Development
Section 2.4 described the approach that is proposed for developing polarization impact model. In this approach, the ray-tracing simulations accounting for polarization impact are used to generate empirical distributions of cluster polarization matrices and these distributions are then approximated to create statistical models. However, the unsolved problem in Section 2.4 was how to define coefficients of the reflection matrix R (needed to simulate reflections in ray-tracing):
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where R( and R|| are reflection coefficients for perpendicular and parallel (relatively to the plane of incidence) components of the E vector and (1 and (2 are cross-coupling coefficients.
This section describes the approach adopted for the reflection matrix R modeling in the conference room scenario. The next sections use this approach to develop statistical models for the cluster polarization matrices H.
Development of a statistical model for the R matrix can be divided into two separate tasks of first finding models for the diagonal coefficients R( and R|| and then for the non-diagonal cross-coupling coefficients (1 and (2. The cross-coupling coefficients (1 and (2 are equal to zero for reflections from the ideal flat media interface and though these coefficients are non-zero for reflections from real surfaces, their values are significantly below than for the R( and R|| coefficients. Therefore, accurate prediction of the diagonal coefficients is much more important for developing an overall accurate model.
One simple approach to create a model for the diagonal R( and R|| coefficients may be to use Fresnel formulas providing the laws of reflection coefficients vs. incident angle dependence for parallel and perpendicular reflection coefficients R( and R|| for the flat interface between regions with the refraction indices n1 and n2:
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where (inc is the incident angle.
Figure 14 shows the reflection coefficients dependence on the incident angle calculated with the Fresnel formulas for n1 = 1 and n2 = 1.8. The value of the refraction index n2 = 1.8 corresponds to the plasterboard, which is one of the most widely used office material. 
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Figure 14. Reflection coefficients dependence on the incident angle calculated with the Fresnel formulas 
for n1 = 1 and n2 = 1.8

Figure 14 shows that the absolute value of the R( constantly grows with the increase of the incident angle. However, the absolute value of the R|| first decreases with the increase of the incident angle and after achieving the incident angle (0 (Brewster angle, for the given case (0 = 610) the absolute value of the reflection coefficient starts growing and is equal to the unity at the grazing incidence. For incidence angles below (0, the change of the parallel E field component phase by ( happens. This phase shift is responsible for the change of the circular polarization handedness upon reflection at the incident angles below (0. For the incidence angles larger than (0, no additional phase shift happens for the parallel component of the E field vector and the circular polarized reflected wave keeps the same handedness of polarization as for the incident wave.
Experimental investigations of the reflection coefficients vs. the incident angles may be found, for example, in [10], where measurements results for typical office surfaces (walls and ceiling) are presented. Since most of the office structures are not uniform (but composed of multiple material layers with different refractive indices), the experimental reflection coefficients have more complex dependence of the absolute value vs. the incident angle than it is predicted by the Fresnel laws for a flat boundary of uniform media. 
Taking the considerations above into account, the statistical models for the absolute values of the R( and R|| coefficients were proposed to be independent of the incident angle. The R( and R|| coefficients were generated using log-normal (normal in dB distribution) with the mean equal to -10 dB and the standard deviation equal to 4 dB. The same distribution is used for clusters gain simulations in Section 3.3.7. The motivation for using the same statistical law is that the distribution for the clusters gain in Section 3.3.7 is based on empirical data of cluster gains averaged over the first order reflections from walls and ceiling. The measurements were done using antennas with linear horizontal polarizations. The geometry of the TX and RX placement for the STA-STA measurements is such that for the first order reflections from walls, elevation angles of departure and arrival are equal to zero, and for the first order reflections from ceiling the azimuth angles of departure and arrival are equal to zero. As a result, the measured cluster gain values for these cases are directly realizations of the R( and R|| coefficients. Therefore, the model used to describe the cluster gain values can be used to generate realizations of the absolute values of the reflection coefficients R( and R||.
As it follows from the considerations above, the absolute values of the R( and R|| are generated as independent statistical variables. This assumption is not quite correct for Fresnel laws but is reasonable when considering experimental dependencies for real surfaces (e.g., [10]). However, both the Fresnel laws and the experimental data demonstrate that the handedness of the circularly polarized reflection signal is changed for the incident angles below the Brewster angle and does not change for the incident angles above the Brewster angle. This dependence has to be addressed in the channel modeling methodology to be able predict valid polarization impact results. To accomplish this, the signs of the reflection coefficients R( and R|| were generated in the ray-tracing model as the signs of the reflection coefficient provided by the Fresnel laws for the given incident angle and n1 = 1.0 (air) and n2 = 1.8 (plasterboard). After performing multiple ray-tracing experiments, the probabilities for the coefficients R( and R|| to have different combinations of the arithmetic signs were calculated and further used in the development of the statistical models for the polarization matrix H. These probabilities are different for different types of the clusters and the problem of accounting for statistics of the incident angles in the different types of clusters is addressed.
Cross-coupling coefficients (1 and (2 for the matrix R were modeled as random variables with a fixed absolute value of -20 dB and a random arithmetic sign. The absolute value of -20 dB was estimated from the available experimental results [8]. No statistical dependencies between (1 and (2, or between (1 and (2 and diagonal elements R( and R|| were considered because of the relatively small impact provided by the cross-coupling coefficients.
The approach to develop polarization matrices model for the second order reflections is described in Section 2.4. This approach is similar to the methodology used for the first order reflections and calculates the realization of the polarization matrix H as a product of three rotational and two reflection matrices (see eq. (5)). It is straightforward to use the model for the matrix R of the first order reflections for both reflection matrices R1 and R2 of the second order reflections. In this case, the average reflection loss of the second order reflection would be two times larger (in dB) than the reflection loss of the first order reflections. However, the average experimental reflection loss for the second order reflections was measured with two linear co-polarized antennas as -16 dB. 
Such discrepancy may be due to different factors. Two times increase of the reflection loss for the second order vs. first order reflections assumes that the reflections follow the laws of the geometrical optics. However, this assumption may become invalid due to relatively small dimensions of the conference room and not very narrow beam width of the used antennas. 
In the developed channel model, it is proposed to keep the parameters of the first reflection matrix R1 in (5) the same as for the first order reflection matrix R (mean value equal to -10 dB and standard deviation equal to 4 dB) but to adjust the parameters of the second reflection matrix R2 in order for the overall polarization matrix H of the second order reflection to match the experimental distributions given in Section 3.3.7 when using two linear co-polarized antennas. As a result, the R( and R|| coefficients of the R2 were chosen to have the log-normal distribution with the mean equal to -6 dB and the standards deviation equal to 3 dB. The resulting distributions of the simulated cluster gains for two linear co-polarized antennas are well matched to the distributions obtained experimentally in Section 3.3.7.
The next sections describe statistical models developed for the polarization matrix H of different types of clusters of the STA-STA sub-scenario.
3.4.2 Polarization Characteristics of LOS Ray

Polarization characteristics of the LOS ray are modeled by the polarization matrix HLOS:
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The polarization characteristics of the signal are not altered by the free space propagation. Hence in the general case, the polarization matrix HLOS will be a rotation matrix of transformation between the polarization bases of the TX and RX antennas. In the conference room channel model, the polarization bases of the TX and RX antennas are the same and the rotation matrix is reduced to the identity matrix.

Additionally, cross-coupling coefficients (1 and (2 are taken with -20 dB absolute value and equally probable arithmetic sign. In the ideal case, the LOS path does not have any cross-polarization coupling since the polarization of EM wave is not altered by the free space propagation. However, some level of the cross-polarization is always present in practical systems, mainly due to antennas imperfections. The used value of the cross-polarization coupling (or cross-polarization discrimination – XPD) in the LOS path is in a good accordance with measured results presented in [8].
For the sake of description simplicity, the matrix H given in (20) does not include the propagation loss factor that should be additionally applied in the simulations as it is described in Section 3.3.1.
3.4.3 Polarization Characteristics of First Order Reflections from Walls

For first order reflections from walls, multiple realizations of the polarization matrix H were obtained with the ray-tracing using the methodology proposed in Section 2.4 and Section 3.4.1. The obtained empirical realizations are shown in Figure 15.
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Figure 15. Distributions of the polarization matrix H components for the first order reflections from walls

It may be seen that due to geometrical properties of the first order reflections from walls (zero elevation angles of departure and arrival), rotation matrices in (4) reduce to the identity matrices and the polarization matrix H coincides with the reflection matrix R. Correspondingly, the models used to approximate the elements of H are the same as he models used to generate R. The distributions for |H11| and |H22| are truncated log-normal distributions (i.e. have truncated Gaussian distributions in decibel scale) with the mean = -10 dB, standard deviation = 4 dB, and truncation level -2 dB. H11 always has a negative sign and H22 always has a positive sign (there are no clusters with incident angles above the Brewster angle). Non-diagonal cross-coupling elements are two equally probable values ± 0.1 in linear scale (-20 dB in log scale).

The described approximations of the matrix H account for the loss of the signal power due to reflection but do not account for the propagation loss that should be included in the simulation model as it is described in Section 3.3.7.

3.4.4 Polarization Characteristics of First Order Reflections from Ceiling
Multiple realizations were generated with the help of ray-tracing for the polarization matrix H for the first order reflected cluster from ceiling. Calculated empirical distributions are shown in Figure 16.
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Figure 16. Distributions of the polarization matrix H components for the first order reflections from ceiling
As for the first order reflections from walls, due to the specific geometrical properties of the cluster (zero azimuth angle of departure and arrival) the polarization matrix H is reduced to the reflection matrix R. Correspondingly, the models used to approximate the elements of H are the same as he models used to generate R. The distributions for |H11| and |H22| are truncated log-normal distributions (i.e. have truncated Gaussian distributions in decibel scale) with the mean = -10 dB, standard deviation = 4 dB, and truncation level -2 dB. H11 always has a positive sign and H22 always has a negative sign. Non-diagonal cross-coupling elements are modeled by two equally probable values ± 0.1 in linear scale (-20 dB in log scale).

The described approximations of the matrix H account for the loss of the signal power due to reflection but do not account for the propagation loss that should be included in the simulation model as it is described in Section 3.3.7.

3.4.5 Polarization Characteristics of Second Order Reflections from Walls and Ceiling

To generate polarization matrices realizations for the second order reflections from walls and ceiling, the methodology described in Section 3.4.1 was used. Calculated (by ray-tracing) empirical distributions are shown in Figure 17. 
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Figure 17. Distributions of the polarization matrix H components for the second order reflections from walls and ceiling. Solid curves show distributions obtained by ray-tracing, dashed curves show proposed approximations. For the components H11, H22, the proposed approximations provide very close matching to the simulated distributions and dashed curves are not plotted.
The proposed approximations for the second order reflections from walls and ceiling are as follows. The distributions for |H11| and |H22| are truncated log-normal distributions (i.e. truncated normal distributions in dB scale) with the mean value equal to -16 dB, the standard deviation equal to 5 dB, and truncation level -2 dB. H11 and H22 have the same sign and are both negative.
Statistical distributions of the cross-coupling components H12 and H21 are approximated by random variables, uniformly distributed in the [-0.1, 0.1] interval.

The described approximations of the matrix H account for the loss of the signal power due to reflection but do not account for the propagation loss that should be included in the simulation model as it is described in Section 3.3.7.

3.4.6 Polarization Characteristics of Second Order Reflections from Walls

Empirical distributions for polarization matrix H components of the second order reflections from walls are shown in Figure 18.
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Figure 18. Distributions of the polarization matrix H components for the second order reflections from walls. Solid curves show distributions obtained by ray-tracing, dashed curves show proposed approximations. For the components H11, H22, the proposed approximations provide very close matching to the simulated distributions and dashed curves are not plotted
The proposed approximations for the second order reflections from walls are as follows. The distribution for |H11| is a truncated log-normal distribution with the mean value equal to -16 dB, the standard deviation equal to 5 dB, and truncation level -2 dB. H11 is always positive. 

The random variable H22 is given by:
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where X1 and X2 have the same truncated log-normal distribution with the mean value equal to -16 dB, the standard deviation equal to 5 dB, and truncation level -2 dB. p is a random variable taking value 1 with probability 0.87 or 0 with the probability 0.13.

Statistical distributions of the cross-coupling components H12 and H21 are approximated by random variables, uniformly distributed in the [-0.1, 0.1] interval.

The described approximations of the matrix H account for the loss of the signal power due to reflection but do not account for the propagation loss that should be included in the simulation model as it is described in Section 3.3.7.
3.4.7 Statistical Properties of Reflection Loss Coefficients for Different TX and RX Antennas Polarizations and Different Types of Clusters
As explained in Sections 2.4, 3.3.7, and 3.4, the reflection loss coefficient of cluster depends on its polarization and polarization characteristics of the used antennas. The statistical models of the reflection loss coefficients presented in Section 3.3.7 for the first and second order clusters types are developed in assumption that TX and RX antennas have linear horizontal (vertical) polarization. To obtain reflection loss distributions for an arbitrary configuration of TX and RX antennas polarizations the models of polarization matrices for different types of clusters developed in Sections 3.4.3 - 3.4.6 need to be used. This section presents statistical characteristics of reflection loss coefficients for different antennas polarizations and different types of clusters.
In general case, a reflection loss coefficient for a single cluster may be written as follows
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where eTX and eRX are the polarization (Jones) vectors for the TX and RX antennas respectively, H is a cluster polarization matrix. Using statistical models of polarization matrices developed in Sections 3.4.3 - 3.4.6, the distribution functions for reflection loss coefficients can be obtained by numerical simulation for a given configuration of eTX and eRX polarization vectors.
Reflection loss distributions obtained from numerical simulations for different clusters types and different antennas polarizations were compared with experimentally measured reflection loss coefficients [14].The proposed polarization model was verified by direct comparison of the experimental results and the simulated distributions as well as by application of the statistical hypotheses tests. It was shown that the proposed polarization impact model well matched to the experimental data.
Below in Table 4 - Table 6 the statistical characteristics (mean value and standard deviation) estimated from reflection loss distributions obtained by numerical simulation for different clusters types and different antennas polarizations are provided. More details concerning these distributions can be found at [14].
Table 4. Statistical characteristics of reflection loss distributions obtained by numerical simulation for the first order reflections for different antennas polarizations
	#
	TX-RX polarization pair
	Reflection loss mean value, dB
	Reflection loss standard deviation, dB

	Linear polarization pairs

	1
	HLP-HLP
	-10
	4

	2
	VLP-VLP
	-10
	4

	3
	VLP-HLP
	-20
	0

	4
	HLP-VLP
	-20
	0

	Circular polarization pairs

	5
	LHCP-LHCP
	-21.1
	8.2

	6
	RHCP-RHCP
	-21.1
	8.2

	7
	RHCP-LHCP
	-9.3
	2.8

	8
	LHCP-RHCP
	-9.3
	2.8

	Hybrid polarization pairs

	9
	LHCP-HLP
	-12.4
	3.5

	10
	RHCP-HLP
	-12.4
	3.5

	11
	HLP-LHCP
	-12.4
	3.5

	12
	HLP-RHCP
	-12.4
	3.5

	13
	LHCP-VLP
	-12.4
	3.5

	14
	RHCP-VLP
	-12.4
	3.5

	15
	VLP-LHCP
	-12.4
	3.5

	16
	VLP-RHCP
	-12.4
	3.5


Table 5. Statistical characteristics of reflection loss distributions obtained by numerical simulation for the second order reflections from walls and ceiling for different antennas polarizations
	#
	TX-RX polarization pair
	Reflection loss mean value, dB
	Reflection loss standard deviation, dB

	Linear polarization pairs

	1
	HLP-HLP
	-16
	5

	2
	VLP-VLP
	-16
	5

	3
	VLP-HLP
	-28.1
	9.8

	4
	HLP-VLP
	-28.1
	9.8

	Circular polarization pairs

	5
	LHCP-LHCP
	-15.1
	3.7

	6
	RHCP-RHCP
	-15.1
	3.7

	7
	RHCP-LHCP
	-24.1
	6.6

	8
	LHCP-RHCP
	-24.1
	6.6

	Hybrid polarization pairs

	9
	LHCP-HLP
	-18.1
	4.5

	10
	RHCP-HLP
	-18.1
	4.5

	11
	HLP-LHCP
	-18.1
	4.5

	12
	HLP-RHCP
	-18.1
	4.5

	13
	LHCP-VLP
	-18.1
	4.5

	14
	RHCP-VLP
	-18.1
	4.5

	15
	VLP-LHCP
	-18.1
	4.5

	16
	VLP-RHCP
	-18.1
	4.5


Table 6. Statistical characteristics of reflection loss distributions obtained by numerical simulation for the second order reflections from walls for different antennas polarizations
	#
	TX-RX polarization pair
	Reflection loss mean value, dB
	Reflection loss standard deviation, dB

	Linear polarization pairs

	1
	HLP-HLP
	-16
	5

	2
	VLP-VLP
	-16
	5

	3
	VLP-HLP
	-28.5
	10

	4
	HLP-VLP
	-28.5
	10

	Circular polarization pairs

	5
	LHCP-LHCP
	-16.2
	5

	6
	RHCP-RHCP
	-16.2
	5

	7
	RHCP-LHCP
	-23.2
	7

	8
	LHCP-RHCP
	-23.2
	7

	Hybrid polarization pairs

	9
	LHCP-HLP
	-18.2
	4.5

	10
	RHCP-HLP
	-18.2
	4.5

	11
	HLP-LHCP
	-18.2
	4.5

	12
	HLP-RHCP
	-18.2
	4.5

	13
	LHCP-VLP
	-18.2
	4.5

	14
	RHCP-VLP
	-18.2
	4.5

	15
	VLP-LHCP
	-18.2
	4.5

	16
	VLP-RHCP
	-18.2
	4.5


3.5 Inter Cluster Parameters for STA-AP Sub-scenario
This section describes statistical models for the inter cluster parameters of the STA-AP sub-scenario.
3.5.1 LOS Ray

The LOS ray modeling is similar to the approach used for the STA-STA sub-scenario (see Section 3.3.1 for details). 

There is a difference in the introduction of the coordinate system and calculation of the azimuth angles between the STA-STA and STA-AP sub-scenarios. For the STA-STA sub-scenario, the coordinate system is introduced so that the zero elevation angle plane is the horizontal plane of the room and the zero azimuth angle plane is the vertical plane including the LOS path. In this case, the LOS direction has zero azimuth and elevation angles of arrival and departure. For the STA-AP sub-scenario, the coordinate system is also introduced so that the zero elevation angle plane is the horizontal plane of the room and the zero azimuth angle plane is the vertical plane including the LOS path. However for the STA-AP sub-scenario, this results in the LOS path having zero azimuth angle but non-zero elevation angle. The azimuth and elevation angles for other types of clusters are calculated in the same coordinate system, and the elevation angles of other clusters cannot be considered as calculated relatively to the LOS path.
3.5.2 Time of Arrival (TOA) Distribution for Different NLOS Clusters
There are two types of NLOS clusters for the STA-AP sub-scenario: first order reflected clusters from walls and second order reflected clusters from walls.
The same approach as for the STA-STA sub-scenario was used for modeling TOA of NLOS clusters in the STA-AP sub-scenario. TOA of different clusters is calculated relatively to the LOS path time of arrival. Empirical distributions of the TOA for different cluster group are obtained by ray tracing simulations. Then piecewise linear approximations of the empirical probability density functions (PDFs) are used to develop statistical models for the TOA parameters.

The empirical PDF obtained from ray tracing simulations and their approximations are shown for the first order and second order reflection from walls in Figure 19. 
[image: image54.png]POF

02

018

016

014

012

01

0.08

0.06

0.04

0.02

Times of arrival distribution

% st order clusters

-5 2nd order clusters

i
9

10111213 141516171819 20 21

time of arrival, ns.





Figure 19. TOA empirical distributions obtained from ray tracing (solid curves) and approximations used in the channel model (dashed curves)
The following equations are used for approximations of TOA PDFs for different clusters groups (time unit is ns):

First order reflections:
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Second order reflections:
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3.5.3 Distribution of Azimuth Angles for First Order Reflected Clusters from Walls
The same modeling approach as in the STA-STA sub-scenario (see Section 3.3.3 for details) was used to define statistical models of azimuth angles for the four first order reflected clusters in the STA-AP sub-scenario. 

The joint distribution for angle pairs is shown in Figure 20 for pairs with positive and negative angles.
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Figure 20. Joint distribution (histogram) of azimuth angles with the same sign for two clusters corresponding to first order reflections

The joint distribution shown in Figure 20 has a complex form, but for the purposes of the channel modeling, it is proposed to approximate it with simple trapezoidal approximations as shown in Figure 21.
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Figure 21. Approximation of the joint distribution of azimuth angles with the same sign for two clusters corresponding to first order reflections
The trapezoidal area 1 is defined by the following equations (all conditions are met simultaneously):
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The trapezoidal area 2 is defined by the following equations (all conditions are met simultaneously):
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3.5.4 Distribution of Azimuth Angles for Second Order Reflected Clusters from Walls
The modeling approach for predicting azimuth angles for the second order reflections from walls is the same as for the STA-STA sub-scenario (see Section 3.3.6 for details). 
The joint distribution (histogram) of TX and RX azimuth angles for second order reflections from walls is shown in Figure 11.
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Figure 22. Joint distribution (histogram) for TX and RX azimuth angles for second order wall reflections
As in the case of the STA-STA scenario, there are totally eight clusters and the same model as in the STA-STA scenario is used to generate their azimuth angles (see Section 3.3.6 and Eq. (16))
3.5.5 Distribution of Elevation Angles for First and Second Order Reflections
For the STA-AP sub-scenario, statistical models are required to generate elevation angles realizations for all three types of clusters: the LOS ray, the first order reflections from walls, and the second order reflections from walls, because the STA and the AP are placed at different heights. For a single cluster of any type, the elevation angles at the STA and AP have the same absolute values but different signs – positive for the STA and negative for the AP.

Empirical distributions of the elevation angles of different clusters were generated by ray-tracing simulations and then piecewise linear approximations were used to create statistical models. The empirical distributions generated by ray tracing simulations and their approximations are shown for the LOS, first order and second order reflection in Figure 23 (for the AP side – negative elevation angles).
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Figure 23. Empirical distributions obtained from ray tracing (solid curves) and approximations used in the channel model (dashed curves) for elevation angles of all three types of clusters
The used piecewise linear approximations are as follows.
LOS path:
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First order reflections:
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Second order reflections:
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3.5.6 Gain of Clusters

The simulation of clusters gain is the same as for the STA-STA sub-scenario (see Section 3.3.7 for details).

3.5.7 Model of Dynamical Human Blockage 
As it is discussed in Section 3.3.8, not all the clusters present in the empty conference may be available for establishing a communication link. Some clusters may be blocked by people sitting, standing, or moving around in the conference room. This effect is modeled by cluster blockage that happens with some probability. This probability is different for different groups of clusters. For the STA-AP sub-scenario the same methodology has been used to derive the probabilities of Cluster Blockage than for the STA-STA scenario (see Section 3.3.8). The probabilities of clusters blockage are given in Table 7.
Table 7. Probabilities of clusters blockage for the STA-AP sub-scenario

	Cluster type
	Probability of single cluster blockage

	LOS
	0 or 1 (set as a model parameter)

	First order reflections from walls
	0.126

	Second order reflections from walls
	p=0.07 (binomial distribution parameter)


In case of first order reflections from walls the simulation results show that the probability of multiple simultaneously blocked clusters is 0. The probability that no cluster is blocked is 0.874 and hence that one cluster is blocked is 0.126. In this case, one cluster among the four available is blocked with a probability of 0.126, whereas all clusters have equal probabilities to be chosen. In the case of second order reflections from walls, the simulations have shown that multiple clusters can be blocked simultaneously. The number of simultaneously blocked clusters is modeled by a binomial distribution with the probability of a single cluster blockage event p=0.07, leading to a probability of 0.56 that no cluster is blocked, which agrees with the ray tracing simulations [13].

The attenuation coefficient has a specific profile in time domain which was investigated in detail in [11], [12], and [13]. Simulation results have shown that the attenuation distribution functions are equal for both sub-scenarios (STA-STA and STA-AP) [13]. Therefore the same model is used to generate attenuation coefficient for the STA-AP sub-scenario introduced in Section 3.3.8 (see Figure 13).
3.6 Polarization Impact Modeling for STA-AP Sub-scenario
Polarization impact modeling for the STA-AP sub-scenario adopts the same methodology as for the STA-STA sub-scenario (see Section 2.4 and Section 3.4.1 for a comprehensive description).

3.6.1 Polarization Characteristics of LOS Ray

The polarization modeling for the LOS ray is the same as for the STA-STA sub-scenario (see Section 3.4.2 for details).
3.6.2 Polarization Characteristics of First Order Reflections from Walls
Multiple realizations were generated with the help of ray-tracing for the polarization matrix H for the first order reflected cluster from walls. Calculated empirical distributions and their approximations are shown in Figure 24.
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Figure 24. Distributions of the polarization matrix H components for the first order reflections from walls. Solid curves show distributions obtained by ray-tracing, dashed curves show proposed approximations. For the components H11, H22, the proposed approximations provide very close matching to the simulated distributions and dashed curves are not plotted
The proposed approximations for the first order reflections from walls are as follows. The distributions for |H11| and |H22| are truncated log-normal distributions (i.e. truncated normal distributions in dB scale) with the mean value equal to -10 dB, the standard deviation equal to 4 dB, and truncation level -2 dB. H11 and H22 have different signs – negative for H11 and positive for H22. 

Statistical distributions of the cross-coupling components H12 and H21 are approximated by random variables, uniformly distributed in the [-0.2, 0.2] interval.

The described approximations of the matrix H account for the loss of the signal power due to reflection but do not account for the propagation loss that should be included in the simulation model as it is described in Section 3.3.7.

3.6.3 Polarization Characteristics of Second Order Reflections from Walls
Empirical distributions for polarization matrix H components of the second order reflections from walls are shown in Figure 25.

[image: image67.png]



Figure 25. Distributions of the polarization matrix H components for the second order reflections from walls. Solid curves show distributions obtained by ray-tracing, dashed curves show proposed approximations. For the components H11, H22, the proposed approximations provide very close matching to the simulated distributions and dashed curves are not plotted
The proposed approximations for the second order reflections from walls are as follows. The distribution for |H11| is a truncated log-normal distribution with the mean value equal to -16 dB, the standard deviation equal to 5 dB, and truncation level -2 dB. H11 is always positive. 

The random variable H22 is given by:
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where X1 and X2 have the same truncated log-normal distribution with the mean value equal to -16 dB, the standard deviation equal to 5 dB, and truncation level -2 dB. p is a random variable taking value 1 with probability 0.73 or 0 with the probability 0.27.

Statistical distributions of the cross-coupling components H12 and H21 are approximated by random variables, uniformly distributed in the [-0.15, 0.15] interval.

The described approximations of the matrix H account for the loss of the signal power due to reflection but do not account for the propagation loss that should be included in the simulation model as it is described in Section 3.3.7.
3.6.4 Statistical Properties of Reflection Loss Coefficients for Different TX and RX Antennas Polarizations and Different Types of Clusters
This section presents statistical characteristics of reflection loss coefficients for different antennas polarizations and different types of clusters. The same approach is used to obtain distributions of reflection loss coefficients as described in Section 3.4.7. Below in Table 8 and Table 9 the mean value and standard deviation estimated from reflection loss distributions are provided.
Table 8. Statistical characteristics of reflection loss distributions obtained by numerical simulation for the first order reflections from walls for different antennas polarizations
	#
	TX-RX

polarization pair
	Reflection loss mean value, dB
	Reflection loss standard deviation, dB

	Linear polarization pairs

	1
	HLP-HLP
	-10
	4

	2
	VLP-VLP
	-10
	4

	3
	VLP-HLP
	-22
	7.5

	4
	HLP-VLP
	-22
	7.5

	Circular polarization pairs

	5
	LHCP-LHCP
	-21.2
	8.4

	6
	RHCP-RHCP
	-21.2
	8.4

	7
	RHCP-LHCP
	-9,4
	2.8

	8
	LHCP-RHCP
	-9,4
	2.8

	Hybrid polarization pairs

	9
	LHCP-HLP
	-12.4
	3.7

	10
	RHCP-HLP
	-12.4
	3.7

	11
	HLP-LHCP
	-12.4
	3.7

	12
	HLP-RHCP
	-12.4
	3.7

	13
	LHCP-VLP
	-12.4
	3.7

	14
	RHCP-VLP
	-12.4
	3.7

	15
	VLP-LHCP
	-12.4
	3.7

	16
	VLP-RHCP
	-12.4
	3.7


Table 9. Statistical characteristics of reflection loss distributions obtained by numerical simulation for the second order reflections from walls for different antennas polarizations
	#
	TX-RX

polarization pair
	Reflection loss mean value, dB
	Reflection loss standard deviation, dB

	Linear polarization pairs

	1
	HLP-HLP
	-16
	5

	2
	VLP-VLP
	-16
	5

	3
	VLP-HLP
	-27.4
	10

	4
	HLP-VLP
	-27.4
	10

	Circular polarization pairs

	5
	LHCP-LHCP
	-17.5
	6

	6
	RHCP-RHCP
	-17.5
	6

	7
	RHCP-LHCP
	-21.7
	7.1

	8
	LHCP-RHCP
	-21.7
	7.1

	Hybrid polarization pairs

	9
	LHCP-HLP
	-18
	4.5

	10
	RHCP-HLP
	-18
	4.5

	11
	HLP-LHCP
	-18
	4.5

	12
	HLP-RHCP
	-18
	4.5

	13
	LHCP-VLP
	-18
	4.5

	14
	RHCP-VLP
	-18
	4.5

	15
	VLP-LHCP
	-18
	4.5

	16
	VLP-RHCP
	-18
	4.5


3.7 Intra Cluster Parameters

In accordance with equation (1) the structure of the i-th cluster of the channel is written as:
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where ((i,k) is the amplitude of the k-th ray of i-th cluster and ((i,k), (tx(i,k), (tx(i,k), (rx(i,k), (rx(i,k) are relative time-angular coordinates of k-th ray of i-th cluster.

The intra cluster parameters of the channel model were estimated from the measurement data [15]. The individual rays were identified in the time domain, and statistical characteristics including average number of rays, ray arrival rate, and ray power decay time were measured.

Based on the obtained results, the statistical model for the cluster time domain parameters is given. The structure of the model is schematically shown in Figure 26. 
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Figure 26. Time domain model of the cluster

The cluster consists of a central ray ((i,0) with fixed amplitude and pre-cursor 
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. With the purpose of simulation simplicity the the number of pre-cursor rays Nf and post-cursor rays Nb was derived from measurements and is fixed in the model as Nf = 6 and Nb = 8.
Pre-cursor and post-cursor rays are modeled as two Poisson processes with arrival rates λf = 0.37 ns-1 and λb = 0.31 ns-1, respectively.
The average amplitudes Af and Ab of the pre-cursor and post-cursor rays decay exponentially with power decay times (f = 3.7 ns and (b = 4.5 ns, respectively:
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The individual pre-cursor and post-cursor rays ((i,k) have random uniformly distributed phases and Rayleigh distributed amplitudes with average values Af and Ab.

The amplitudes of the pre-cursor and post-cursor rays are coupled with the amplitude of the central ray of the cluster ((i,0) by K-factors that are defined as:
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The K-factors are fixed as Kf = 10 dB and Kb = 14.2 dB.
Pre-cursor and post-cursor instantaneous ray amplitude realizations obey Rayleigh distribution. The total power of all cluster rays is normalized to one (instantaneous normalization).
The summary of the estimated intra cluster time domain parameters for the conference room channel model are shown in Table 10.

Table 10. Summary of the intra cluster time domain parameters for the conference room channel model

	Parameter
	Notation
	Value

	Pre-cursor rays K-factor
	Kf
	10 dB

	Pre-cursor rays power decay time
	f
	3.7 ns

	Pre-cursor arrival rate
	f
	0.37 ns-1

	Pre-cursor rays amplitude distribution
	
	Rayleigh

	Number of pre-cursor rays
	Nf
	6

	Post-cursor rays K-factor
	Kb
	14.2 dB

	Post-cursor rays power decay time
	b
	4.5 ns

	Post-cursor arrival rate
	b
	0.31 ns-1

	Post-cursor rays amplitude distribution
	
	Rayleigh

	Number of post-cursor rays
	Nb
	8


In the experimental measurements the identification of the individual rays composing the cluster was done in the time domain only. Identification of rays inside of the cluster in the angular domain requires an increase of the angular resolution by using directional antennas with very high gain or application of the “virtual antenna array” technique where low directional antenna element is used to perform measurements in multiple positions along the virtual antenna array to form an effective antenna aperture.
The simple model may be used to describe the intra cluster angular parameters. Intra cluster azimuth and elevation angles for both transmitter and receiver is modeled as independent normally distributed random variables with zero mean and RMS equal to 50.
Note that it is reasonable to assume that different types of clusters may have distinctive intra cluster structure. For example, properties of the clusters reflected from ceiling may be different from the properties of the clusters reflected from walls because of the different materials and structure of the walls and ceiling. Also one may assume the properties of the first and second order reflected clusters to be different, with the second order reflected clusters having larger spreads in temporal and angular domains. All these effects are understood to be reasonable. However since the number of available experimental results was limited, a common intra cluster model for all types of clusters was developed. Modifications with different intra cluster models for different types of clusters may be a subject of the future channel model enhancements.
4 Channel Model for Cubicle Environment

4.1 Modelling Scenario

Enterprise cubicle is one of the three simulation scenarios defined by the EVM [1].
According to the EVM document [1] 8 single cubicles with dimensions 1.8 m x 2.5 m x 1.5 m (W x L x H) grouped in 4 rows and 2 columns are located on the floor as it is shown in Figure 27. The floor dimensions are equal to 25 m x 25 m x 3 m (W x L x H). Only three cubes – cubicle #1, cubicle #2, and cubicle #5 are considered among all available. It is assumed that they have the same frequency channel.

The EVM defines the enterprise cubicle simulation scenario where communication is done between a laptop and a wireless access point (AP) for the local file transfer and web browsing. Wireless access point is located in the ceiling in the middle of the group of cubicles at the height of 2.9 m as shown in Figure 27. The laptop may have different locations on the table with height equal to 0.7 m inside the cubicle. Therefore, a sector of possible laptop positions in the horizontal plane was introduced. The size of the sector was chosen to cover all possible actual laptop positions on the table. Laptops placed in cubicles #1 and #2 have the larger mean LOS distance from the AP in comparison with laptops located in cubicle #5. Therefore, it is reasonable to distinguish two different laptop areas for cubicles #1 and #2 (far location) and cubicle #5 (near location).
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Figure 27. Floor plan for cubicle environment (considered cubicles are highlighted)
Communication between user laptop and AP may be done using LOS link and/or the one of possible reflected clusters. For near location the first order reflections and one second order reflection (the double reflection from the table and then the ceiling) are considered to establish communication link. The experimental measurements provided in [16] have shown, that this second order reflection should be considered, because it may impact on channel impulse response. Other second order reflections are not taken into account, because they have substantial amplitude attenuation in comparison with the first order reflections. For far location only the first order reflections are considered.
First order reflections from office wall (OW), cubicle wall (CW) and table surface are considered. First order reflections from the ceiling are excluded from consideration, because it is assumed that the AP antenna can scan only in low hemisphere. Laptop is located on the table and the paths reflected from the floor are also discarded. Also it is taken into account that the reflected cluster may pass through the CW with some attenuation coefficient. Reflections from other objects (e.g. plane surfaces of the laptop or other obstacles) and also the propagation due to diffraction are not included in the model.
The rest of the enterprise cubicle channel model description is organized as follows. Section 4.2 explains the model development methodology. Section 4.3 defines temporal and spatial inter cluster parameters. Section 4.4 describes polarization characteristics modelling. Section 4.5 specifies intra cluster parameters.

4.2 Model Development Methodology

This section describes the methodology used to develop a channel model for the enterprise cubicle environment. 
To define inter cluster parameters for the cubicle scenario, a similar methodology to the one for the conference room channel development (see Section 3.2) was applied. A ray tracing model of the cubicle environment has been used to generate multiple realizations of 1st order and one 2nd order reflections. Then, similar to the conference room scenario, statistical time and angular characteristics of the 1st order and 2nd order reflections were calculated from ray tracing simulations results and then used to derive the corresponding inter cluster time and angular parameters for the enterprise cubicle channel model.
For the ray tracing simulations, positions of the transmitting (AP) and receiving (laptop) devices were taken as described in the EVM and modeling scenario defined in Section 4.1. AP was taken to be located at the height of 2.9 m above the floor and had the fixed position. Laptop was taken to be located at the table surface in random positions. It was assumed that antenna may be placed in laptop lid and therefore have some altitude above the table plane. This allows to see the 1st order cluster reflected from the table. Therefore laptop was randomly placed in the flat layer with the height equal to 0.9 m above the floor (0.2 m above the table plane) and the horizontal dimensions limited by the table edges. Positions of the laptop were distributed uniformly within this layer.

Ray tracing simulations were performed separately for the far location (cubicles #1, #2) and near location (cubicle #5). It is obvious that space-time distributions for the first order reflected clusters inside cubicles #1 and #2 have symmetry due to the floor particular geometry and AP location and may use the same distributions, excluding the 1st order reflection from OW#1 (see Figure 27).

The first order reflections from OW, CW, table plane, and the second order reflection from table and then ceiling (for near location only) were considered. The 3D model of the cubicle #1 and all existing 1st order reflected clusters for particular laptop location are shown in Figure 28. 
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Figure 28. 3D model of the cubicle #1 used for ray tracing and an example of 1st order reflections existing between TX and RX for given laptop space position

Let’s consider the first order reflections existing for the possible laptop (RX) positions in the cubicle #1, #2, and #5 environments. Existing clusters in each cubicle are summarized in Table 11 below. The first column contains the list of all possible first and second order reflected clusters in all cubicles and the remaining columns contain the number of clusters for each type for certain cubicle.
Table 11. Existing clusters in the enterprise cubicle environment
	Type of Cluster
	Cubicle #1
	Cubicle #2
	Cubicle #5

	LOS path 
	1
	1
	1

	Reflection from OW#1
	1
	1
	1

	Reflection from OW#2
	1
	1
	0

	Reflection from CW#1
	1
	0
	0

	Reflection from CW#2
	1
	1
	0

	Reflection from CW#3
	0
	1
	0

	Reflection from CW#4
	0
	0
	1

	Reflection from table
	1
	1
	1

	Reflection from table and then ceiling
	0
	0
	1


It is assumed that due to considering geometry LOS link between AP and laptop is always exists for all possible laptop positions on the table inside all cubicles. For cubicles #1 and #2 (far location) LOS link may be blocked by human body sitting near the laptop. Hence, cubicles #1 and #2 may be LOS or NLOS environments. If we consider the NLOS environment the reflection from table plane will be also blocked. For cubicle #5 (near location) the human blockage of LOS link has near to zero probability, hence it is assumed that cubicle #5 is LOS environment. 

Not all possible NLOS clusters presented in Table 11 for particular cubicle may exist. It depends on laptop space position. It was estimated from ray tracing simulations that for cubicles #1 and #2 – 3, 4, or 5 NLOS clusters may exist with probabilities 0.5, 0.2, and 0.3 accordingly. Reflections from the walls OW#1, OW#2, and CW#2 always present (see Figure 27). For the laptop space position when 4 NLOS clusters exist, reflection from the wall CW#1 for cubicle #1 and reflection from the wall CW#3 for cubicle #2 have probability 0.2, reflection from the table plane has probability 0.8. 

For cubicle #5 – 2 or 3 1st order NLOS clusters may exist with equal probabilities. Reflection from the wall OW#1 always presents (see Figure 27). For the laptop position when 2 1st order NLOS clusters exist, reflection from the wall CW#4 has probability 0.1, reflection from the table plane has probability 0.9. The 2nd order reflection from table and then ceiling exists for all possible considered laptop positions.
Different clusters have different characteristics (e.g. reflection from table has zero azimuth angle on TX and RX sides, reflections from walls has equal in absolute value elevation angles on TX and RX sides) and this was taking into account in the simulation model. The PDFs of parameters for different clusters have been obtained from ray tracing and their approximations were used for the channel model development.

With perfect mirror reflections each cluster will consist of exactly one ray. But taking into account the roughness and heterogeneity of the surfaces as well as the presence of additional small different reflectors each cluster may include several rays closely spaced with each other in time and angular domains. In the channel model the intra cluster parameters were identified based on the processing of experimental data.
4.3 Inter Cluster Parameters

This section gives description of the statistical models for inter-cluster parameters for the enterprise cubicle environment.

4.3.1 LOS Ray

The LOS ray modelling is similar to the approach introduced for the CR scenario. For more details, see Section 3.3.1.
4.3.2 Time of Arrival Distribution for Different NLOS Clusters

TOA of different clusters is calculated relatively to the LOS path time of arrival. Empirical distributions of the TOA for different clusters have been obtained by ray tracing simulations. Then approximations of the empirical probability density functions (PDFs) were used to develop statistical models for the TOA parameters.
TOA for Near Laptop Location
The empirical PDFs for the clusters obtained from ray tracing simulations and their approximations for near laptop location (cubicle #5) are shown in Figure 29.
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Figure 29. TOA empirical distributions obtained from ray tracing (solid curve) and approximations used in the channel model (dashed curves) for the 1st and 2nd order clusters for near laptop location (cubicle #5)
The following equations are used for approximations of TOA PDFs for the 1st and 2nd order clusters for near laptop location (time unit is ns):

First order reflection from the wall OW#1:
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First order reflection from the wall CW#4:
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For the first order reflection from the table plane – ((t) Dirac delta function approximation is used with t = 1 ns. 

Second order reflection from the table and then ceiling:
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TOA for Far Laptop Location

For the considered geometry of the enterprise cubicle environment and AP specific position, TOA distributions of clusters for laptop location inside cubicle #1 and #2 are the same, excluding the reflection from the OW#1 (see Figure 27).

The empirical PDFs for the 1st order clusters obtained from ray tracing simulations and their approximations for far laptop location (cubicles #1, #2) are shown in Figure 30.
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Figure 30. TOA empirical distributions obtained from ray tracing (solid curve) and approximations used in the channel model (dashed curves) for the 1st order clusters for far laptop location (cubicles #1, #2)
The following equations are used for approximations of TOA PDFs for the 1st order clusters for far laptop location (time unit is ns):
First order reflection from the wall OW#1 (cubicle #1):
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First order reflection from the wall OW#1 (cubicle #2):
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First order reflection from the wall OW#2:
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For the first order reflection from the wall CW#1 in the cubicle #1, or from the wall CW#3 in the cubicle #2 – ((t) Dirac delta function approximation is used with t = 1 ns. 

First order reflection from the wall CW#2:

	
[image: image85.wmf]ï

î

ï

í

ì

³

<

£

<

=

7

7

0

0

0

7

/

1

0

t

t

t

W

t


	(40)


For the first order reflection from the table – ((t) Dirac delta function approximation is used with t = 1 ns.
4.3.3 Angular Characteristics for NLOS Clusters
Angular Characteristics for Near Laptop Location
Azimuth angles for the first order reflection from table and for the second order reflection from table and then ceiling are equal to zero for TX and RX sides. Empirical PDFs of azimuth angle for other NLOS clusters on TX side obtained from ray tracing simulations and proposed approximations are presented in Figure 31 below.
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Figure 31. Empirical PDFs and approximations for azimuth angle of the NLOS clusters for near laptop location (cubicle #5) on TX side
The following equations are used for approximations of azimuth angle PDFs for the 1st order clusters for near laptop location on TX side:
First order reflection from the wall OW#1:

	
[image: image87.wmf](

)

ï

î

ï

í

ì

³

<

£

<

=

0

0

0

0

70

70

2

2

0

68

/

1

0

j

j

j

j

j

W


	(41)


First order reflection from the wall CW#4:
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Empirical PDFs of the azimuth angle for the NLOS clusters on RX side obtained from ray tracing simulations and proposed approximations are presented below in Figure 32.

[image: image89.emf]-180-170-160-150-140-130-120-110-100-90

0

0.05

0.1

azimuth angle, deg

PDF

Azimuth angles distribution

 

 

OW#1 cluster

CW#4 cluster


Figure 32. Empirical PDFs and approximations for azimuth angle of the NLOS clusters for near laptop location (cubicle #5) on RX side

The following equations are used for approximations of azimuth angle PDFs for the 1st order clusters for near laptop location on RX side:
First order reflection from the wall OW#1:
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First order reflection from the wall CW#4:
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Absolute values of elevation angles for the first order reflections on TX and RX sides are equal to each other. For all first order reflections (excluding reflection from the table plane) – on TX side elevation angle has negative sign, on RX side has positive sign. For reflection from the table plane elevation angle is negative on both TX and RX sides. 

For the second order reflection from table and then ceiling absolute values of the elevation angles on TX and RX sides are equal to each other. On TX side elevation angle has negative sign; on RX side has positive sign.
Empirical PDFs of the elevation angle for the NLOS clusters obtained from ray tracing simulations and proposed approximations are presented in Figure 33 below.
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Figure 33. Empirical PDFs and approximations for elevation angle of the NLOS clusters for near laptop location (cubicle #5) on TX side
The following equations are used for approximations of elevation angle PDFs for the 1st and 2nd order clusters for near laptop location:
First order reflection from the wall OW#1:
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First order reflection from the wall CW#4:
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First order reflection from the table plane:
	
[image: image95.wmf](

)

ï

î

ï

í

ì

-

³

-

<

£

-

-

<

=

0

0

0

0

50

50

86

86

0

36

/

1

0

q

q

q

q

q

W


	(47)


Second order reflection from the table and then ceiling:
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Angular Characteristics for Far Laptop Location

Azimuth angle for the first order reflection from table is equal to zero for TX and RX sides for both cubicle #1 and cubicle #2. For the considered geometry of the enterprise cubicle environment and AP specific position, azimuth angle distributions of other NLOS clusters (excluding reflection from the OW#1, see Figure 27) for laptop location inside cubicle #1 and cubicle #2 are symmetrical. Azimuth angle for the laptop position inside cubicle #1 has the same distribution as inside cubicle #2, but has the opposite sign.
Empirical PDFs of azimuth angle for NLOS clusters on TX side obtained from ray tracing simulations and proposed approximations are presented in Figure 34 and Figure 35 below.
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Figure 34. Empirical PDFs and approximations for azimuth angle of the NLOS clusters for far laptop location on TX side
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Figure 35. Empirical PDFs and approximations for azimuth angle of the NLOS clusters for far laptop location on TX side
The following equations are used for approximations of azimuth angle PDFs for the 1st order clusters for far laptop location on TX side:
First order reflection from the wall OW#1 (cubicle #1):
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First order reflection from the wall OW#1 (cubicle #2):
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First order reflection from the wall CW#1 (cubicle #1):
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Azimuth angle for the first order reflection from the wall CW#3 in cubicle #2 has the same distribution as (51) and the opposite sign.

First order reflection from the wall OW#2 (cubicle #1):
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Azimuth angle for the first order reflection from the wall OW#2 in cubicle #2 has the same distribution as (52) and the opposite sign.

First order reflection from the wall CW#2 (cubicle #1):
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Azimuth angle for the first order reflection from the wall CW#2 in cubicle #2 has the same distribution as (53) and the opposite sign.
Empirical PDFs of azimuth angle for NLOS clusters on RX side obtained from ray tracing simulations and proposed approximations are presented in Figure 36 and Figure 37 below.
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Figure 36. Empirical PDFs and approximations for azimuth angle of the NLOS clusters for far laptop location on RX side
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Figure 37. Empirical PDFs and approximations for azimuth angle of the NLOS clusters for far laptop location on RX side
The following equations are used for approximations of azimuth angle PDFs for the 1st order clusters for far laptop location on RX side:
First order reflection from the wall OW#1 (cubicle #1):
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First order reflection from the wall OW#1 (cubicle #2):
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First order reflection from the wall CW#1 (cubicle #1):
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Azimuth angle for the first order reflection from the wall CW#3 in cubicle #2 has the same distribution as (56) and the opposite sign.
First order reflection from the wall OW#2 (cubicle #1):
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Azimuth angle for the first order reflection from the wall OW#2 in cubicle #2 has the same distribution as (57) and the opposite sign.

First order reflection from the wall CW#2 (cubicle #1):
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Azimuth angle for the first order reflection from the wall CW#2 in cubicle #2 has the same distribution as (58) and the opposite sign.

Absolute values of elevation angles for the first order reflections on TX and RX sides are equal to each other. For all first order reflections (excluding reflection from the table plane) – on TX side elevation angle has negative sign, on RX side has positive sign. For reflection from the table plane elevation angle is negative on both TX and RX sides. 

Empirical PDFs of the elevation angle for the NLOS clusters obtained from ray tracing simulations and proposed approximations are presented in Figure 38 below.
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Figure 38. Empirical PDFs and approximations for elevation angle of the NLOS clusters for far laptop location (cubicles #1, #2) on TX side
The following equations are used for approximations of elevation angle PDFs for the 1st order clusters for far laptop location:
First order reflection from the wall OW#1 (cubicle #1):
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First order reflection from the wall OW#1 (cubicle #2):
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First order reflection from the wall OW#2 (cubicles #1, #2):
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First order reflection from the wall CW#1 in cubicle #1 (or reflection from the wall CW#3 in cubicle #2):
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First order reflection from the wall CW#2 (cubicles #1, #2):
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First order reflection from the table plane:
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4.3.4 Gain of Clusters
The approach of using Friis transmission equation for modeling propagation loss for the LOS path, 1st order reflected clusters, and 2nd order reflected clusters is same as described in 3.3.7.
Experimental results, presented in [16] show that for the near STA location scenario a double table-ceiling reflection is observed. Usually, an office suspending ceiling has a complex structure. Metal frame, pipes, ventilation elements and concrete ceiling are placed behind the plaster board ceiling. Experimental results show, that the plaster board has weak reflection properties. The strongest reflections were observed for the metal frame (18 dB lower than direct path) and the pipe (30 dB lower than direct path) placed behind the plaster board. Therefore, a reflection loss value depends on the STA space position. From experimental results presented in [16], it was estimated that the mean value of reflection loss is equal to -9 dB and standard deviation is equal to 1.2 dB. 
The reflection loss for the first order clusters reflected from OW#1 and OW#2 (see Figure 27) is modelled using truncated Gaussian distribution with the same parameters introduced in Section 3.3.7.

For the first order clusters reflected from CW#1, CW#2, CW#3, CW#4, and the table (see Figure 27) the model for reflection loss was extracted from experimental measurement data presented in [17]. It was assumed that a cubicle wall has reflection/penetration properties similar to the properties of the plywood which was one of the investigated materials in the mentioned experimental work. The dependency of plywood material reflection loss on incident angle is presented in [17]. These dependencies were used to obtain statistical distributions of the reflection loss coefficient. Ray tracing simulations were performed to find statistical distributions for the incident angle of the first order reflections from CW#1, CW#2, CW#3, CW#4, and the table (see Figure 27). The statistical distribution for reflection loss was found based on reflection loss versus incident angle curves results from [17]. It was found that reflection loss distribution for the first order reflections from cubicle walls and table has very similar parameters as for the double table-ceiling reflection for near STA location scenario. Therefore the same truncated Gaussian distribution is used to model reflection loss for double table-ceiling cluster and first order reflections from cubicle walls and table. Distribution histogram and proposed approximation are presented in Figure 39 below.
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Figure 39. Histogram of measured reflection loss for double table-ceiling cluster, first order clusters reflected from cubicle walls and table and approximation by truncated Gaussian distribution
The developed model of reflection loss may be directly used in the simulation case when polarization characteristics EM filed are not supported. In general case, as explained in Section 2.4, the gain of clusters depends on reflection loss, the polarization characteristics of the used TX and RX antennas and geometry. For simulation with support of polarization characteristics of signals, the polarization channel matrices H for first and second order reflections can be easy obtained by substitution of reflection loss coefficients as elements of the reflection matrix R (see equations (4) and (5) in Section 2.4.5). 

It should be noted, that first order reflections from OW#1 and OW#2 have additional attenuation due to penetration through the cubicle wall (see Figure 28). This penetration loss is also measured in experimental work [17]. For the plywood material the estimated distribution for the penetration loss has average value of -6 dB and standard deviation of 1 dB. In the channel model the penetration loss of the cubicle walls is set as a fixed additional attenuation coefficient equal to -6 dB. 
4.4 Polarization Impact Modelling
Polarization modeling for enterprise cubicle environment adopts the same methodology as for the conference room STA-STA sub-scenario (see Section 2.4 and Section 3.4.1 for a comprehensive description).

4.4.1 Polarization Characteristics of LOS Ray

The polarization modelling for the LOS ray is the same as for the conference room STA-STA sub-scenario (see Section 3.4.2 for details).

4.4.2 Polarization Characteristics of First Order Reflections from Office Walls
For first order reflections from office walls, multiple realizations of the polarization matrix H were obtained with the ray-tracing using the methodology proposed in Section 2.4 and Section 3.4.1. The obtained empirical realizations are shown in Figure 40.
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Figure 40. Distributions of the polarization matrix H components for the first order reflections from office walls. Solid curves show distributions obtained by ray-tracing, dashed curves show proposed approximations. For the components H11, H22, the proposed approximations provide very close matching to the simulated distributions and dashed curves are not plotted.
The proposed approximations for the first order reflections from walls are as follows. The distributions for |H11| and |H22| are truncated log-normal distributions (i.e. truncated normal distributions in dB scale) with the mean value equal to -10 dB, the standard deviation equal to 4 dB, and truncation level -2 dB. H11 and H22 have different signs – negative for H11 and positive for H22.

Statistical distributions of the cross-coupling components H12 and H21 are approximated by random variables, uniformly distributed in the [-0.2, 0.2] interval.

The described approximations of the matrix H account for the loss of the signal power due to reflection but do not account for the propagation loss that should be included in the simulation model as it is described in Section 3.3.7.
4.4.3 Polarization Characteristics of First Order Reflections from Cubicle Walls

Empirical distributions for polarization matrix H components of the first order reflections from cubicle walls are shown in Figure 41.
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Figure 41. Distributions of the polarization matrix H components for the first order reflections from cubicle walls. Solid curves show distributions obtained by ray-tracing, dashed curves show proposed approximations. 
The proposed approximations for the first order reflections from cubicle walls are as follows. The distribution for |H11| is a truncated log-normal distribution with the mean value equal to -9 dB, the standard deviation equal to 1.7 dB, and truncation interval [-11dB, -5dB]. H11 is always negative.
The random variable H22 is given by:
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where X1 and X2 have the same truncated log-normal distribution with the mean value equal to -9 dB, the standard deviation equal to 1.7 dB, and truncation interval [-11dB, -5dB]. p is a random variable taking value 1 with probability 0.8 or 0 with the probability 0.2.

Statistical distributions of the cross-coupling components H12 and H21 are approximated by random variables, uniformly distributed in the [-0.2, 0.2] interval.

The described approximations of the matrix H account for the loss of the signal power due to reflection but do not account for the propagation loss that should be included in the simulation model as it is described in Section 3.3.7.
4.4.4 Polarization Characteristics of First Order Reflection from Table
Empirical distributions for polarization matrix H components of the first order reflection from table are shown in Figure 42.
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Figure 42. Distributions of the polarization matrix H components for the first order reflection from table
The proposed approximation for the first order reflection from table is as follows. The random variable H11 is given by:
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where X1 and X2 have the same truncated log-normal distribution with the mean value equal to -9 dB, the standard deviation equal to 1.2 dB, and truncation interval [-11dB, -5dB]. p is a random variable taking value 1 with probability 0.56 or 0 with the probability 0.44.

The distribution for |H22| is a truncated log-normal distribution with the mean value equal to -9 dB, the standard deviation equal to 1.2 dB, and truncation interval [-11dB, -5dB]. H22 is always negative.
Non-diagonal cross-coupling elements are modeled by two equally probable values ± 0.1 in linear scale (-20 dB in log scale).

The described approximations of the matrix H account for the loss of the signal power due to reflection but do not account for the propagation loss that should be included in the simulation model as it is described in Section 3.3.7.
4.4.5 Polarization Characteristics of Second Order Reflection from Table and Ceiling
Empirical distributions for polarization matrix H components of the second order reflection from table and then ceiling are shown in Figure 43.
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Figure 43. Distributions of the polarization matrix H components for the second order reflection from table and then ceiling. Solid curves show distributions obtained by ray-tracing, dashed curves show proposed approximations. For the components H11, H22, the proposed approximations provide very close matching to the simulated distributions and dashed curves are not plotted.
The distributions for |H11| and |H22| are truncated log-normal distributions (i.e. have truncated Gaussian distributions in decibel scale) with the mean = -9 dB, standard deviation = 1.2 dB, and truncation interval [-11dB, -5dB]. H11 always has a positive sign and H22 always has a negative sign (there are no clusters with incident angles above the Brewster angle).

Statistical distributions of the cross-coupling components H12 and H21 are approximated by random variables, which may equal to -0.13, -0.06, 0.06, and 0.13 with equal probabilities.

The described approximations of the matrix H account for the loss of the signal power due to reflection but do not account for the propagation loss that should be included in the simulation model as it is described in Section 3.3.7.
4.4.6 Statistical Properties of Reflection Loss Coefficients for Different TX and RX Antennas Polarizations and Different Types of Clusters

This section presents statistical characteristics of reflection loss coefficients for different antennas polarizations and different types of clusters. The same approach is used to obtain distributions of reflection loss coefficients as described in Section 3.4.7. Below in Table 12 –Table 15 the mean value and standard deviation estimated from reflection loss distributions are provided.
Table 12. Statistical characteristics of reflection loss distributions obtained by numerical simulation for the first order reflections from office walls for different antennas polarizations

	#
	TX-RX polarization pair
	Reflection loss mean value, dB
	Reflection loss standard deviation, dB

	Linear polarization pairs

	1
	HLP-HLP
	-10
	4

	2
	VLP-VLP
	-10
	4

	3
	VLP-HLP
	-22.5
	8

	4
	HLP-VLP
	-22.5
	8

	Circular polarization pairs

	5
	LHCP-LHCP
	-21.3
	8.5

	6
	RHCP-RHCP
	-21.3
	8.5

	7
	RHCP-LHCP
	-9.4
	2.8

	8
	LHCP-RHCP
	-9.4
	2.8

	Hybrid polarization pairs

	9
	LHCP-HLP
	-12.4
	3.6

	10
	RHCP-HLP
	-12.4
	3.6

	11
	HLP-LHCP
	-12.4
	3.6

	12
	HLP-RHCP
	-12.4
	3.6

	13
	LHCP-VLP
	-12.4
	3.6

	14
	RHCP-VLP
	-12.4
	3.6

	15
	VLP-LHCP
	-12.4
	3.6

	16
	VLP-RHCP
	-12.4
	3.6


Table 13. Statistical characteristics of reflection loss distributions obtained by numerical simulation for the first order reflections from cubicle walls for different antennas polarizations

	#
	TX-RX polarization pair
	Reflection loss mean value, dB
	Reflection loss standard deviation, dB

	Linear polarization pairs

	1
	HLP-HLP
	-9
	1.7

	2
	VLP-VLP
	-9
	1.7

	3
	VLP-HLP
	-23.8
	8.3

	4
	HLP-VLP
	-23.8
	8.3

	Circular polarization pairs

	5
	LHCP-LHCP
	-23.5
	12

	6
	RHCP-RHCP
	-23.5
	12

	7
	RHCP-LHCP
	-12.7
	9.3

	8
	LHCP-RHCP
	-12.7
	9.3

	Hybrid polarization pairs

	9
	LHCP-HLP
	-11.7
	1.6

	10
	RHCP-HLP
	-11.7
	1.6

	11
	HLP-LHCP
	-11.7
	1.6

	12
	HLP-RHCP
	-11.7
	1.6

	13
	LHCP-VLP
	-11.7
	1.6

	14
	RHCP-VLP
	-11.7
	1.6

	15
	VLP-LHCP
	-11.7
	1.6

	16
	VLP-RHCP
	-11.7
	1.6


Table 14. Statistical characteristics of reflection loss distributions obtained by numerical simulation for the first order reflection from table for different polarizations

	#
	TX-RX polarization pair
	Reflection loss mean value, dB
	Reflection loss standard deviation, dB

	Linear polarization pairs

	1
	HLP-HLP
	-9
	1

	2
	VLP-VLP
	-9
	1

	3
	VLP-HLP
	-20
	0

	4
	HLP-VLP
	-20
	0

	Circular polarization pairs

	5
	LHCP-LHCP
	-19.4
	12.2

	6
	RHCP-RHCP
	-19.4
	12.2

	7
	RHCP-LHCP
	-16.8
	11.6

	8
	LHCP-RHCP
	-16.8
	11.6

	Hybrid polarization pairs

	9
	LHCP-HLP
	-11.5
	1

	10
	RHCP-HLP
	-11.5
	1

	11
	HLP-LHCP
	-11.5
	1

	12
	HLP-RHCP
	-11.5
	1

	13
	LHCP-VLP
	-11.5
	1

	14
	RHCP-VLP
	-11.5
	1

	15
	VLP-LHCP
	-11.5
	1

	16
	VLP-RHCP
	-11.5
	1


Table 15. Statistical characteristics of reflection loss distributions obtained by numerical simulation for the second order reflection from table and then ceiling for different polarizations
	#
	TX-RX polarization pair
	Reflection loss mean value, dB
	Reflection loss standard deviation, dB

	Linear polarization pairs

	1
	HLP-HLP
	-9
	1.1

	2
	VLP-VLP
	-9
	1.1

	3
	VLP-HLP
	-21
	3.4

	4
	HLP-VLP
	-21
	3.4

	Circular polarization pairs

	5
	LHCP-LHCP
	-25.4
	8.4

	6
	RHCP-RHCP
	-25.4
	8.4

	7
	RHCP-LHCP
	-8.6
	0.8

	8
	LHCP-RHCP
	-8.6
	0.8

	Hybrid polarization pairs

	9
	LHCP-HLP
	-11.5
	1

	10
	RHCP-HLP
	-11.5
	1

	11
	HLP-LHCP
	-11.5
	1

	12
	HLP-RHCP
	-11.5
	1

	13
	LHCP-VLP
	-11.5
	1

	14
	RHCP-VLP
	-11.5
	1

	15
	VLP-LHCP
	-11.5
	1

	16
	VLP-RHCP
	-11.5
	1


4.5 Intra Cluster Parameters
The intra cluster parameters for the enterprise cubicle channel model were estimated for different types of clusters. 
The first type of clusters are reflections from office (OW) or cubicle wall (CW). The same approach developed in Section 3.7 for the conference room environment is used to model intra cluster distributions. The intra cluster parameters were estimated from measurement data. The individual rays were identified in the time domain, and statistical characteristics including average number of rays, ray arrival rate, and ray power decay time were measured.
With the purpose of simulation simplicity the number of pre-cursor rays Nf and post-cursor rays Nb was derived from measurements and is fixed in the model as Nf = 6 and Nb = 8.

Pre-cursor and post-cursor rays are modeled as two Poisson processes with arrival rates λf = 0.37 ns-1 and λb = 0.31 ns-1, respectively.

The average amplitudes Af and Ab of the pre-cursor and post-cursor rays decay exponentially with power decay times (f = 3.7 ns and (b = 4.5 ns, respectively:
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The individual pre-cursor and post-cursor rays ((i,k) have random uniformly distributed phases and Rayleigh distributed amplitudes with average values Af and Ab.

The amplitudes of the pre-cursor and post-cursor rays are coupled with the amplitude of the central ray of the cluster ((i,0) by K-factors that are defined as:
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The K-factors are fixed as Kf = 5 dB and Kb = 10 dB.
Pre-cursor and post-cursor instantaneous ray amplitude realizations obey Rayleigh distribution. The total power of all cluster rays is normalized to one (instantaneous normalization).
The summary of the estimated intra cluster time domain parameters for OW and CW clusters in the enterprise cubicle channel model are shown in Table 16.
Table 16. Summary of the intra cluster time domain parameters for OW and CW clusters in the enterprise cubicle channel model

	Parameter
	Notation
	Value

	Pre-cursor rays K-factor
	Kf
	5 dB

	Pre-cursor rays power decay time
	f
	3.7 ns

	Pre-cursor arrival rate
	f
	0.37 ns-1

	Pre-cursor rays amplitude distribution
	
	Rayleigh

	Number of pre-cursor rays
	Nf
	6

	Post-cursor rays K-factor
	Kb
	10 dB

	Post-cursor rays power decay time
	b
	4.5 ns

	Post-cursor arrival rate
	b
	0.31 ns-1


	Post-cursor rays amplitude distribution
	
	Rayleigh

	Number of post-cursor rays
	Nb
	8


It was emphasized in Section 3.7 that direct experimental measurements of the intra cluster angular distribution parameters are very complex requiring antennas with very large aperture. Intra cluster azimuth and elevation angles for both transmitter and receiver are modeled as independent normally distributed random variables with zero mean and RMS equal to 50.
The second type of clusters are reflections from table or double reflection from table and then ceiling. From measurement data it was estimated that a single reflection from the table may be modeled as exactly one ray. For the double table-ceiling cluster, an office ceiling usually has a complex structure. Metal frames, pipes, ventilation elements and concrete floor are placed behind the plaster board ceiling resulting in complex reflections.  The second reflection from the ceiling may introduce the intra cluster distribution in time domain as measured in [16].  Experimental results in [16] show that the plaster board has weak reflection properties. The strongest reflections were observed for the metal frame (18 dB lower than direct path) and the pipe (30 dB lower than direct path) placed behind the plaster board.

In the case when the reflection from the metal frame was observed the reflection from the pipe has negligible impact on channel impulse response in LOS scenario. In the opposite case, when the reflection from the metal frame was absent, the reflection from the pipe may be taken into account. Therefore in both cases the double table-ceiling reflection is modeled as a one-ray cluster with distribution of reflection loss described in section 4.3.4 and time delay distribution described in 4.3.2.
5 Living Room Channel Model
5.1 Modelling Scenario

Home living room is one of the three simulation scenarios defined by the EVM [1].

According to the EVM [1] and the floor plans document [19], dimensions of the home living room are equal to 7 m x 7 m x 3 m (W x L x H). The home living room has a table in the middle, two sofas, and an armchair placed around the table. One outer wall has two windows and a cabinet is placed between them. All furniture dimensions are given in the simulation scenario floor plans document [19]. 
The EVM defines the home living room simulation scenario where communication is done between a set top box (STB) transmitting uncompressed video, and a TV receiving uncompressed video. The TV is placed in the middle of one of the walls at height of 1.5 m. According to the EVM, the STB is at the same height above the floor as the TV. However, the position of the STB in the horizontal plane can be different. Therefore, a rectangular sector of possible STB positions in the horizontal plane was introduced. The size of the sector was chosen from considerations that all sitting places around the table are covered by the proposed sector and the average distance between the STB and the TV was approximately 4 m. The dimensions of the sector are equal to 4 m x 7 m (W x L) as shown in Figure 44. 
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Figure 44. Home living room floor plan and the introduced rectangular sector of possible user device space positions
Communication between user the STB and TV may be done using the LOS link and/or first and second order reflections from walls, ceiling, and floor. Reflections from other objects (e.g. plane surfaces of the table or cabinet) and also the propagation due to diffraction are not taken into account in the model. 
The rest of the living room channel model description is organized as follows. Section 5.2 explains the model development methodology. Section 5.3 defines temporal and spatial inter cluster parameters. Section 5.4 describes polarization characteristics modelling. Section 5.5 specifies intra cluster parameters.
5.2 Model Development Methodology

This section describes the methodology used to develop a channel model for the home living room environment. 
To define inter cluster parameters for the home living room scenario, a similar methodology to the one for the conference room channel development (see Section 3.2) was applied. A ray tracing model of the home living room with dimensions 7 x 7 x 3 m (W x L x H) has been used to generate multiple realizations of 1st and 2nd order reflected clusters. Then, similar to the conference room scenario, statistical time and angular characteristics of the first and second order reflections were calculated from ray tracing simulations results and then used to derive the corresponding inter cluster time and angular parameters for the home living room channel model.
For the ray tracing simulations, positions of the transmitting (STB) and receiving (TV) devices were taken as described in the EVM and modeling scenario defined in Section 5.1. STB and TV were taken to be located at the height of 1.5 m above the floor. TV had a fixed position in the middle of one of the walls and the position of STB was randomly placed in a flat layer with the height equal to 1.5 m and the horizontal dimensions equal to 4 x 7 m as described above. Positions of STB were distributed uniformly within this layer.

The first order reflections from walls, first order reflections from ceiling and floor, second order reflections from two walls, second order reflections from ceiling and floor, and second order reflections from the wall and ceiling (floor) were considered. The 3D model of home living room is shown in Figure 45. Note that only a part of the signal clusters (not all of them) are drawn in the figure below.
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Figure 45. 3D model of the home living room used for ray tracing and an example of 1st and 2nd order reflections existing between TX and RX for given space positions

For the purposes of channel modeling, all clusters are divided into several groups where clusters in the same group have similar properties. There are 6 groups of clusters for the considered geometry of the home living room environment. The total number of clusters is equal to 19 and the number of clusters in each group is constant for every channel realization and is given in Table 17.

Table 17. Number of clusters in the cluster groups for the home living room environment

	Type of Clusters
	Number of Clusters

	LOS path
	1

	First order reflections from walls
	3

	First order reflections from ceiling and floor
	2

	Second order reflections from two walls
	5

	Second order reflections from ceiling and floor
	2

	Second order reflections from the wall and ceiling, from the wall and floor
	6


Different groups of clusters have different characteristics (e.g. reflections from walls have zero elevation angles and reflections from ceiling and floor have zero azimuth angles) and this was taking into account in the simulation model. The PDFs of parameters for different clusters have been obtained from ray tracing and their approximations were used for the channel model development.

Not all available clusters predicted by ray-tracing are included in the generated channel realization as some clusters are blocked by furniture and moving people. The probabilities of clusters blockage for different clusters groups of the home living room channel model are introduced.

With perfect mirror reflections each cluster will consist of exactly one ray. But taking into account the roughness and heterogeneity of the surfaces as well as the presence of additional small different reflectors each cluster may include several rays closely spaced with each other in time and angular domains. In the channel model the intra cluster parameters were identified based on the processing of experimental data.
5.3 Inter Cluster Parameters

This section gives description of the statistical models for inter-cluster parameters for the home living room environment.

5.3.1 LOS Ray

The LOS ray modelling is similar to the approach introduced for the CR STA-STA sub-scenario. For more details, see Section 3.3.1.
5.3.2 Time of Arrival Distribution for Different NLOS Clusters

TOA of different clusters is calculated relatively to the LOS path time of arrival. Empirical distributions of the TOA for different cluster groups have been obtained by ray tracing simulations. Then piecewise linear approximations of the empirical probability density functions (PDFs) were used to develop statistical models for the TOA parameters.
For the considered geometry of the home living room, TX and RX have a symmetrical position relatively to floor and ceiling because both TX and RX are placed at the height of 1.5 m and the height of the room is 3 m. This allows for some symmetry of different propagation paths (clusters) involving reflections from the ceiling and floor and is taken into account for clusters TOA generation as well as elevation angles generation throughout the model.
The empirical PDFs for the 1st order clusters obtained from ray tracing simulations and their approximations are shown in Figure 46.
The TOA of the first order reflected clusters from the ceiling and floor is always the same.
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Figure 46. TOA empirical distributions obtained from ray tracing (solid curve) and approximations used in the channel model (dashed curves) for the 1st order clusters

The following equations are used for approximations of TOA PDFs for the 1st order cluster groups (time unit is ns):

First order reflections from walls
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First order reflections from ceiling and floor:
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The empirical PDFs for the 2nd order clusters obtained from ray tracing simulations and their approximations are shown in Figure 47.
The TOA of clusters including symmetrical reflections from the ceiling and floor is the same.
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Figure 47. TOA empirical distributions obtained from ray tracing (solid curve) and approximations used in the channel model (dashed curves) for the 2nd order clusters
The equations used for the approximations are as follows.
Second order reflections from walls:
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Second order reflections from ceiling and floor:
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Second order reflections from the wall and ceiling, from the wall and floor:
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5.3.3 Angular Characteristics for First Order Reflection from Walls

There are three clusters corresponding to first order reflections from walls. There is one reflection per wall for all walls except for wall #3 where the TV is mounted (see Figure 44). Reflection from wall #3 does not exist since the RX is placed near this wall. Elevation angles for these clusters are equal to zero and only azimuth angles on TX and RX sides should be generated. An example of three clusters corresponding to the first order reflections is shown in Figure 48 for a random TX position.
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Figure 48. Example of three clusters corresponding to the first order reflections from walls
Generating these clusters in the model is similar to that described in Section 3.3.3. In Section 3.3.3, four clusters of first order reflections from walls in the conference room are generated taking into account their specific properties. Azimuth angles of departure and arrival are calculated relatively to the LOS direction. A cluster with a positive angle of departure always has a negative angle of arrival and vice versa. In addition, at the TX side, there are always two clusters with positive angle of departure (“positive pair” of clusters at the TX side) and two clusters with negative angles of departure (“negative pair” of clusters at the TX side). In one pair of clusters, the cluster with a smaller absolute value of angle of departure has a larger absolute value of angle of arrival and vice versa.
Most of the properties of the first order reflections from walls of Section 3.3.3 hold for the home living room scenario. The difference is that one cluster corresponding to the reflection from wall #3 has to be excluded from the consideration. The excluded cluster has a smaller absolute TX azimuth angle and larger RX azimuth angle. 

The fourth cluster may be excluded from the “positive pair” or “negative pair” of clusters with equal probabilities of ½. For the given example of the TX position shown in Figure 48, the fourth cluster is excluded from the “positive pair” at the TX side. 
The joint distributions for angles pairs are different on the TX and RX sides (this is different from the conference room scenario). The azimuth angles of departure and arrival of the same cluster are generated independently. However, angles of departure (at TX) and arrival (at RX) of the same “pair” (either “positive” or “negative”) are generated jointly. Within one pair, the cluster with a smaller absolute value is referred to as cluster A and the cluster with a larger absolute value is referred to as cluster B (see, for example, Figure 48). No statistical dependence between angles of clusters from different “pairs” is considered.

 Figure 49 shows joint distributions (histograms) for “positive” and “negative” on the TX side.
[image: image137.png]ith angle for
er B, deg

60 80 100 120
Azimuth angle for cluster A, dey

ter B, deg

Azimuth angle for
el

-120 -100 -80  -60

Azimuth angle for cluster A, dey

500
1400
300
200
100

500
1400





Figure 49. Joint distribution (histogram) of azimuth angles with the same sign for two clusters corresponding to the first order reflections from walls on the TX side

The joint distribution shown in Figure 49 has a complex form and an approximation of this distribution for the channel model is used for simplicity. The distribution shown in Figure 50 (uniform in the marked triangular sectors) was used in the home living room channel model for approximation of the joint distribution for clusters azimuth angles shown in Figure 49.
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Figure 50. Approximation of the joint distribution of azimuth angles with the same sign for two clusters corresponding to first order reflections from walls on the TX side
Analytically, the proposed approximation for clusters with positive azimuth angles is described as a two dimensional distribution function that is uniform in triangular areas 1 and 2.

Triangular area 1 is defined by the following equations (all conditions are met simultaneously):
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where all angles are measured in degrees.

Triangular area 2 is symmetrical to area 1 and is defined by the following equations (all conditions are met simultaneously):
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Figure 51 shows joint distributions (histograms) of azimuth angles for “positive” and “negative” pairs at the RX side.
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Figure 51. Joint distribution (histogram) of azimuth angles with the same sign for two clusters corresponding to the first order reflections from walls on RX side
The joint distribution shown in Figure 51 has a complex form and an approximation of this distribution for the channel model is used for simplicity. The distribution shown in Figure 52 (uniform in the marked trapezoidal sectors) was used in the home living room channel model for approximation of the joint distribution for clusters azimuth angles on the RX side shown in Figure 51.
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Figure 52. Approximation of the joint distribution of azimuth angles with the same sign for two clusters corresponding to first order reflections from walls on RX side

Analytically, the proposed approximation for clusters with positive azimuth angles is described as a two dimensional distribution function that is uniform in the trapezoidal areas 1 and 2.

Trapezoidal area 1 is defined by the following equations (all conditions are met simultaneously):
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where all angles are measured in degrees.

Trapezoidal area 2 is symmetrical to area 1 and is defined by the following equations (all conditions are met simultaneously):
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5.3.4 Angular Characteristics for First Order Reflections from Ceiling and Floor

There are two clusters corresponding to first order reflections from ceiling and floor. Generation of these clusters takes into account the following properties:

· Azimuth angles for these clusters are equal to zero for TX and RX

· Elevation angles are equal to each other at the TX and RX sides

· Clusters reflected from ceiling and floor have equal absolute values of their elevation angles but opposite signs (the positive sign for the ceiling cluster and the negative sign for the floor cluster).
The empirical PDF of the elevation angle obtained from ray tracing simulations and its approximation are shown in Figure 53.
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Figure 53. Empirical PDF and approximation for elevation angle of the first order reflections from ceiling
The approximation for the PDF of the elevation angle is given by the following equations:
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where all angles are measured in degrees.

5.3.5 Angular Characteristics for Second Order Reflections from Walls

This group of clusters has the following main properties:

· There are total 5 clusters corresponding to the second order reflections from walls

· These clusters have elevation angles equal to zero

· The RX azimuth angles for these clusters are equal to either the TX azimuth angle or TX azimuth angle +/- 1800.

Figure 54 shows the example of possible 5 clusters for given TX position.


[image: image147.emf]7 m

7 m

LOS component

TX

(user device)

RX 

(TV)

1.5 m1.5 m

W

a

l

l

 

#

1

Wall #2

Wall #4

Rectangular sector of 

possible TX positions

W

a

l

l

 

#

3

-φ

1-2,TX

+φ

1-4,TX


Figure 54. Example of five clusters corresponding to the second order reflections from walls
For the clusters reflected from perpendicular walls, TX and RX azimuth angles are shifted by +/- 1800. For the clusters reflected from parallel walls, the azimuth angles at the TX and RX are equal to each other.
The empirical distributions of the azimuth angles on the TX side for the second order clusters reflected from perpendicular walls calculated from ray-tracing simulations and their piecewise approximations are shown in Figure 55. 
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Figure 55. Empirical distributions obtained from ray tracing (solid curves) and approximations used in the channel model (dashed curves) for the azimuth angles of the second order clusters reflected from perpendicular walls
The used piecewise approximations for the PDFs of the second order reflections from perpendicular walls are as follows:

Reflections from walls 1-4 (4-1):
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Reflections from walls 1-2 (2-1):
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The azimuth angles for the clusters reflected from walls (1-4, 4-1) and (1-2, 2-1) are generated independently with the PDFs provided by equations (79) and (80) correspondingly. But it is taken into account that the reflections from walls 4-1 and 2-1 cannot occur simultaneously. Therefore, when this combination of the reflections occurs, the azimuth angles are discarded and the generation is repeated until the allowed combination of the reflections is obtained.

Empirical distributions of azimuth angles at the TX side for the second order clusters reflected from parallel walls obtained from ray-tracing simulations and their piecewise approximations are shown in Figure 56.
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Figure 56. Empirical distributions obtained from ray tracing (solid curves) and approximations used in the channel model (dashed curves) for the azimuth angles of the second order clusters reflected from parallel walls
The used piecewise approximations for the PDFs of the second order reflections from parallel walls are as follows:

Reflections from walls 4-2:
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Reflections from walls 2-4:
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Reflections from walls 3-1:
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The azimuth angles for the clusters reflected from parallel walls are generated independently.

5.3.6 Angular Characteristics for Second Order Reflections from Ceiling and Floor

There are two clusters corresponding to second order reflections from ceiling and floor. Generation of these clusters takes into account the following properties:

· Azimuth angles for these clusters are equal to zero for TX and RX

· Elevation angles for ceiling-floor (or floor-ceiling) reflection have equal absolute values and opposite signs at the TX and RX sides

· Elevation angles for ceiling-floor and floor-ceiling reflections have equal absolute values and opposite signs at either TX or RX sides

An empirical PDF of the elevation angle obtained from ray tracing simulations for clusters reflected from ceiling on TX side and an approximation are shown in Figure 57.
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Figure 57. Empirical PDF and approximation for elevation angle of second order ceiling-floor reflections on TX side
The approximation for the PDF of the elevation angle is given by the following equations:
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where all angles are measured in degrees.

5.3.7 Angular Characteristics for Second Order Reflections from Walls and Ceiling (from Walls and Floor)

There are six clusters corresponding to the second order reflections from a wall and then ceiling (floor) or ceiling (floor) and then a wall. Table 18 presents possible types of the reflections in the considered home living room environment and their probabilities. Note that reflections from wall #3 are not considered because the RX is placed near to this wall and the reflections are not possible.

Table 18. Possible 2nd order reflections from walls and ceiling (from walls and floor) in the considered home living room environment and their probabilities

	Sub-group #
	Reflection
	Reflection pair probability inside sub-group

	1
	Ceiling – wall #1
	0

	
	Floor – wall # 1
	

	
	Wall #1 – ceiling
	1

	
	Wall #1 – floor
	

	2
	Ceiling – wall #2
	½

	
	Floor – wall # 2
	

	
	Wall #2 – ceiling
	½

	
	Wall #2 – floor
	

	3
	Ceiling – wall #4
	½

	
	Floor – wall # 4
	

	
	Wall #4 – ceiling
	½

	
	Wall #4 – floor
	


The reflections presented in Table 18 are divided into 3 sub-groups: reflections from wall #1, wall #2, and wall #4. 
The sub-group #1 includes reflections from wall #1 and then ceiling of floor. Because of the considered geometry of the living room, no clusters first reflecting from ceiling or floor and then from wall # 1 are possible. This is indicated in Table 18 by showing zero probability for “Ceiling – wall # 1” and “Floor – wall # 1” types of clusters and unity probability for “Wall #1 – ceiling” and “Wall #1 – ceiling” clusters.
For sub-groups #2 and #3, the wall may be either the first or second reflecting surface. Due to symmetry of the floor and ceiling relatively to TX and RX positions, the order of reflections holds for both ceiling and floor clusters of the same sub-group. However, it follows from the simulations results that the order of always different between sub-groups #2 and #3 and this dependency is taken into account in the developed statistical channel model. It is reflected in Table 18 that for groups of clusters #2 and #3 both orders of reflections are equiprobable. 
Azimuth angles for clusters of the same sub-group are equal to each other. In addition, the azimuth angles for generated three pairs of clusters from the three sub-groups correspond to the azimuth angles of the first order reflections from walls considered in Section 5.3.3. The pair wall-ceiling/wall-floor has a larger absolute value of the azimuth angle at the TX side and the pair ceiling-wall/floor-wall has a smaller absolute value of the azimuth angle at the TX side.

Absolute values of elevation angles for clusters inside each pair are equal to each other and have opposite signs: positive for the ceiling reflection and negative for the floor reflection. Elevation angles for each cluster at the TX and RX sides are equal to each other.

Due to symmetry of the considered home living room geometry, the distributions of the elevation angle for ceiling (floor) – wall #2 and ceiling (floor) – wall #4 clusters are the same. This is also true for clusters wall #2 – ceiling (floor) and wall #4 – ceiling (floor). Hence, only three distributions for elevation angle should be derived to describe all elevation angles dependences. These distributions are presented in Figure 58.
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Figure 58. Empirical PDFs and approximations for the elevation angle of the second order reflections from wall and then ceiling and ceiling and then wall
The approximations for the PDFs of the elevation angle are given by the following equations:
Wall #1 – ceiling reflection:
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Ceiling - wall #2 (4) reflection:
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Wall #2 (4) – ceiling reflection:
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5.3.8 Gain of Clusters
The simulation of clusters gain is the same as for the conference room STA-STA sub-scenario (see Section 3.3.7 for details).
5.3.9 Probabilities of Clusters Blockage

In a real living room environment not all clusters may be used for communication. Part of clusters may be blocked by furniture, people sitting or moving in the living room and also by other objects. This effect is taken into account in the channel model by the introduction of the cluster blockage probability associated with each type of cluster. In reality, different objects and people blocking signal propagation paths may have more complicated effect on the channel structure. For example, additional reflected clusters may appear. But, in order to keep the channel model complexity low, this effect was modeled by simple cluster blockage.

Table 19. Probabilities of clusters blockage for the living room scenario
	Cluster type
	Probability of cluster blockage

	LOS
	0 or 1 (set as a model parameter)

	First order reflections from walls
	0.4

	First order reflections from ceiling
	0

	First order reflections from floor
	0.7

	Second order reflections from two walls
	0.8

	Second order reflections from ceiling and floor
	0.8

	Second order reflections from the wall and ceiling
	0.3

	Second order reflections from the wall and floor
	0.7


The values of probabilities for cluster blockage are selected based on the consideration that reflections from walls and floor have a higher probability of being blocked by humans in a living room than reflections from the ceiling. Reflections from the ceiling should be available most of the time.
5.4 Polarization Impact Modelling
Polarization impact modelling for living room environment adopts the same methodology as for the conference room STA-STA sub-scenario (see Section 2.4 and Section 3.4.1 for a comprehensive description).
5.4.1 Polarization Characteristics of LOS Ray
The polarization modelling for the LOS ray is the same as for the conference room STA-STA sub-scenario (see Section 3.4.2 for details).
5.4.2 Polarization Characteristics of First Order Reflections from Walls
For first order reflections from walls, multiple realizations of the polarization matrix H were obtained with the ray-tracing using the methodology proposed in Section 2.4 and Section 3.4.1. The obtained empirical realizations are shown in Figure 59.
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Figure 59. Distributions of the polarization matrix H components for the first order reflections from walls
It may be seen that due to geometrical properties of the first order reflections from walls (zero elevation angles of departure and arrival), rotation matrices in (4) reduce to the identity matrices and the polarization matrix H coincides with the reflection matrix R. Correspondingly, the models used to approximate the elements of H are the same as the models used to generate R. The distributions for |H11| and |H22| are truncated log-normal distributions (i.e. have truncated Gaussian distributions in decibel scale) with the mean = -10 dB, standard deviation = 4 dB, and truncation level -2 dB. H11 always has a negative sign and H22 always has a positive sign (there are no clusters with incident angles above the Brewster angle). Non-diagonal cross-coupling elements are two equally probable values ± 0.1 in linear scale (-20 dB in log scale).

The described approximations of the matrix H account for the loss of the signal power due to reflection but do not account for the propagation loss that should be included in the simulation model as it is described in Section 3.3.7.

5.4.3 Polarization Characteristics of First Order Reflections from Ceiling and Floor
Multiple realizations were generated with the help of ray-tracing for the polarization matrix H for the first order reflected clusters from ceiling and floor. Calculated empirical distributions are shown in Figure 60.
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Figure 60. Distributions of the polarization matrix H components for the first order reflections from ceiling and floor
As for the first order reflections from walls, due to the specific geometrical properties of the cluster (zero azimuth angle of departure and arrival) the polarization matrix H is reduced to the reflection matrix R. Correspondingly, the models used to approximate the elements of H are the same as the models used to generate R.
The proposed approximations for the first order reflections from ceiling and floor are as follows. The random variable H11 is given by:

	
[image: image163.wmf](

)

2

1

11

1

X

p

X

p

H

×

-

-

×

=


	(88)


where X1 and X2 have the same truncated log-normal distribution with the mean value equal to -10 dB, the standard deviation equal to 4 dB, and truncation level -2 dB. p is a random variable taking value 1 with probability 0.87 or 0 with the probability 0.13.

The distribution for |H22| is a truncated log-normal distribution with the mean value equal to -10 dB, the standard deviation equal to 4 dB, and truncation level -2 dB. H22 is always negative.
Non-diagonal cross-coupling elements are modeled by two equally probable values ± 0.1 in linear scale (-20 dB in log scale).
The described approximations of the matrix H account for the loss of the signal power due to reflection but do not account for the propagation loss that should be included in the simulation model as it is described in Section 3.3.7.
5.4.4 Polarization Characteristics of Second Order Reflections from Walls
To generate polarization matrices realizations for the second order reflections from walls, the methodology described in Section 3.4.1 was used. Calculated (by ray-tracing) empirical distributions are shown in Figure 61.
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Figure 61. Distributions of the polarization matrix H components for the second order reflections from walls. Solid curves show distributions obtained by ray-tracing, dashed curves show proposed approximations. For the components H11, H22, the proposed approximations provide very close matching to the simulated distributions and dashed curves are not plotted.
The proposed approximations for the second order reflections from walls are as follows. The distribution for |H11| is a truncated log-normal distribution with the mean value equal to -16 dB, the standard deviation equal to 5 dB, and truncation level -2 dB. H11 is always positive. 

The random variable H22 is given by:
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where X1 and X2 have the same truncated log-normal distribution with the mean value equal to -16 dB, the standard deviation equal to 5 dB, and truncation level -2 dB. p is a random variable taking value 1 with probability 0.87 or 0 with the probability 0.13.

Statistical distributions of the cross-coupling components H12 and H21 are approximated by random variables, uniformly distributed in the [-0.1, 0.1] interval.

The described approximations of the matrix H account for the loss of the signal power due to reflection but do not account for the propagation loss that should be included in the simulation model as it is described in Section 3.3.7.
5.4.5 Polarization Characteristics of Second Order Reflections from Ceiling and Floor
Empirical distributions for polarization matrix H components of the second order reflections from ceiling and floor are shown in Figure 62.
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Figure 62. Distributions of the polarization matrix H components for the second order reflections from ceiling and floor. Solid curves show distributions obtained by ray-tracing, dashed curves show proposed approximations. For the components H11, H22, the proposed approximations provide very close matching to the simulated distributions and dashed curves are not plotted.
The proposed approximations for the second order reflections from ceiling and floor are as follows. The distributions for |H11| and |H22| are truncated log-normal distributions (i.e. truncated normal distributions in dB scale) with the mean value equal to -16 dB, the standard deviation equal to 5 dB, and truncation level -2 dB. H11 and H22 have the same sign and are both positive.

Statistical distributions of the cross-coupling components H12 and H21 are approximated by random variables, uniformly distributed in the [-0.1, 0.1] interval.

The described approximations of the matrix H account for the loss of the signal power due to reflection but do not account for the propagation loss that should be included in the simulation model as it is described in Section 3.3.7.
5.4.6 Polarization Characteristics of Second Order reflections from Walls and Ceiling (Floor)
Empirical distributions for polarization matrix H components of the second order reflections from walls and ceiling (floor) are shown in Figure 63.
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Figure 63. Distributions of the polarization matrix H components for the second order reflections from walls and ceiling (floor). Solid curves show distributions obtained by ray-tracing, dashed curves show proposed approximations. For the components H11, H22, the proposed approximations provide very close matching to the simulated distributions and dashed curves are not plotted.
The proposed approximations for the second order reflections from walls and ceiling (floor) are as follows. 
The random variable H11 is given by:
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where X1 and X2 have the same truncated log-normal distribution with the mean value equal to -16 dB, the standard deviation equal to 5 dB, and truncation level -2 dB. p is a random variable taking value 1 with probability 0.93 or 0 with the probability 0.07.

The distribution for |H22| is a truncated log-normal distribution with the mean value equal to -16 dB, the standard deviation equal to 5 dB, and truncation level -2 dB. H22 is always negative.
Statistical distributions of the cross-coupling components H12 and H21 are approximated by random variables, uniformly distributed in the [-0.15, 0.15] interval.

The described approximations of the matrix H account for the loss of the signal power due to reflection but do not account for the propagation loss that should be included in the simulation model as it is described in Section 3.3.7.
5.4.7 Statistical Properties of Reflection Loss Coefficients for Different TX and RX Antennas Polarizations and Different Types of Clusters

This section presents statistical characteristics of reflection loss coefficients for different antennas polarizations and different types of clusters. The same approach is used to obtain distributions of reflection loss coefficients as described in Section 3.4.7. Below in Table 20 – Table 24 the mean value and standard deviation estimated from reflection loss distributions are provided.
Table 20. Statistical characteristics of reflection loss distributions obtained by numerical simulation for the first order reflections from walls for different antennas polarizations

	#
	TX-RX polarization pair
	Reflection loss mean value, dB
	Reflection loss standard deviation, dB

	Linear polarization pairs

	1
	HLP-HLP
	-10
	4

	2
	VLP-VLP
	-10
	4

	3
	VLP-HLP
	-20
	0

	4
	HLP-VLP
	-20
	0

	Circular polarization pairs

	5
	LHCP-LHCP
	-21.3
	8.5

	6
	RHCP-RHCP
	-21.3
	8.5

	7
	RHCP-LHCP
	-9.3
	2.8

	8
	LHCP-RHCP
	-9.3
	2.8

	Hybrid polarization pairs

	9
	LHCP-HLP
	-12.4
	3.5

	10
	RHCP-HLP
	-12.4
	3.5

	11
	HLP-LHCP
	-12.4
	3.5

	12
	HLP-RHCP
	-12.4
	3.5

	13
	LHCP-VLP
	-12.4
	3.5

	14
	RHCP-VLP
	-12.4
	3.5

	15
	VLP-LHCP
	-12.4
	3.5

	16
	VLP-RHCP
	-12.4
	3.5


Table 21. Statistical characteristics of reflection loss distributions obtained by numerical simulation for the first order reflections from ceiling and floor for different antennas polarizations

	#
	TX-RX polarization pair
	Reflection loss mean value, dB
	Reflection loss standard deviation, dB

	Linear polarization pairs

	1
	HLP-HLP
	-10
	4

	2
	VLP-VLP
	-10
	4

	3
	VLP-HLP
	-20
	0

	4
	HLP-VLP
	-20
	0

	Circular polarization pairs

	5
	LHCP-LHCP
	-19.8
	8.8

	6
	RHCP-RHCP
	-19.8
	8.8

	7
	RHCP-LHCP
	-10.9
	5.7

	8
	LHCP-RHCP
	-10.9
	5.7

	Hybrid polarization pairs

	9
	LHCP-HLP
	-12.4
	3.5

	10
	RHCP-HLP
	-12.4
	3.5

	11
	HLP-LHCP
	-12.4
	3.5

	12
	HLP-RHCP
	-12.4
	3.5

	13
	LHCP-VLP
	-12.4
	3.5

	14
	RHCP-VLP
	-12.4
	3.5

	15
	VLP-LHCP
	-12.4
	3.5

	16
	VLP-RHCP
	-12.4
	3.5


Table 22. Statistical characteristics of reflection loss distributions obtained by numerical simulation for the second order reflections from walls for different antennas polarizations
	#
	TX-RX polarization pair
	Reflection loss mean value, dB
	Reflection loss standard deviation, dB

	Linear polarization pairs

	1
	HLP-HLP
	-16
	5

	2
	VLP-VLP
	-16
	5

	3
	VLP-HLP
	-28.5
	10

	4
	HLP-VLP
	-28.5
	10

	Circular polarization pairs

	5
	LHCP-LHCP
	-16.2
	5.1

	6
	RHCP-RHCP
	-16.2
	5.1

	7
	RHCP-LHCP
	-23.1
	7.0

	8
	LHCP-RHCP
	-23.1
	7.0

	Hybrid polarization pairs

	9
	LHCP-HLP
	-18.1
	4.5

	10
	RHCP-HLP
	-18.1
	4.5

	11
	HLP-LHCP
	-18.1
	4.5

	12
	HLP-RHCP
	-18.1
	4.5

	13
	LHCP-VLP
	-18.1
	4.5

	14
	RHCP-VLP
	-18.1
	4.5

	15
	VLP-LHCP
	-18.1
	4.5

	16
	VLP-RHCP
	-18.1
	4.5


Table 23. Statistical characteristics of reflection loss distributions obtained by numerical simulation for the second order reflections from ceiling and floor for different antennas polarizations
	#
	TX-RX polarization pair
	Reflection loss mean value, dB
	Reflection loss standard deviation, dB

	Linear polarization pairs

	1
	HLP-HLP
	-16
	5

	2
	VLP-VLP
	-16
	5

	3
	VLP-HLP
	-28.5
	10

	4
	HLP-VLP
	-28.5
	10

	Circular polarization pairs

	5
	LHCP-LHCP
	-15
	3.5

	6
	RHCP-RHCP
	-15
	3.5

	7
	RHCP-LHCP
	-24.2
	6.6

	8
	LHCP-RHCP
	-24.2
	6.6

	Hybrid polarization pairs

	9
	LHCP-HLP
	-18.2
	4.5

	10
	RHCP-HLP
	-18.2
	4.5

	11
	HLP-LHCP
	-18.2
	4.5

	12
	HLP-RHCP
	-18.2
	4.5

	13
	LHCP-VLP
	-18.2
	4.5

	14
	RHCP-VLP
	-18.2
	4.5

	15
	VLP-LHCP
	-18.2
	4.5

	16
	VLP-RHCP
	-18.2
	4.5


Table 24. Statistical characteristics of reflection loss distributions obtained by numerical simulation for the second order reflections from walls and ceiling (floor) for different antennas polarizations
	#
	TX-RX polarization pair
	Reflection loss mean value, dB
	Reflection loss standard deviation, dB

	Linear polarization pairs

	1
	HLP-HLP
	-16
	5

	2
	VLP-VLP
	-16
	5

	3
	VLP-HLP
	-27.6
	9.6

	4
	HLP-VLP
	-27.6
	9.6

	Circular polarization pairs

	5
	LHCP-LHCP
	-23.5
	6.7

	6
	RHCP-RHCP
	-23.5
	6.7

	7
	RHCP-LHCP
	-15.5
	4.4

	8
	LHCP-RHCP
	-15.5
	4.4

	Hybrid polarization pairs

	9
	LHCP-HLP
	-18
	4.6

	10
	RHCP-HLP
	-18
	4.6

	11
	HLP-LHCP
	-18
	4.6

	12
	HLP-RHCP
	-18
	4.6

	13
	LHCP-VLP
	-18
	4.6

	14
	RHCP-VLP
	-18
	4.6

	15
	VLP-LHCP
	-18
	4.6

	16
	VLP-RHCP
	-18
	4.6


5.5 Intra Cluster Parameters
For modelling intra cluster distributions the same approach developed in Section 3.7 for conference room environment is applied.

The intra cluster parameters of the channel model were estimated from the measurement data [15]. The individual rays were identified in the time domain, and statistical characteristics including average number of rays, ray arrival rate, and ray power decay time were measured.
With the purpose of simulation simplicity the number of pre-cursor rays Nf and post-cursor rays Nb was derived from measurements and is fixed in the model as Nf = 6 and Nb = 8.
Pre-cursor and post-cursor rays are modeled as two Poisson processes with arrival rates λf = 0.28 ns-1 and λb = 1.0 ns-1, respectively.
The average amplitudes Af and Ab of the pre-cursor and post-cursor rays decay exponentially with power decay times (f = 1.25 ns and (b = 8.7 ns, respectively:
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The individual pre-cursor and post-cursor rays ((i,k) have random uniformly distributed phases and Rayleigh distributed amplitudes with average values Af and Ab.

The amplitudes of the pre-cursor and post-cursor rays are coupled with the amplitude of the central ray of the cluster ((i,0) by K-factors that are defined as:
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The K-factors are fixed as Kf = 11.5 dB and Kb = 10.9 dB.
Pre-cursor and post-cursor instantaneous ray amplitude realizations obey Rayleigh distribution. The total power of all cluster rays is normalized to one (instantaneous normalization).
The summary of the estimated intra cluster time domain parameters for the living room channel model are shown in Table 25.
Table 25. Summary of the intra cluster time domain parameters for the living room channel model

	Parameter
	Notation
	Value

	Pre-cursor rays K-factor
	Kf
	11.5 dB

	Pre-cursor rays power decay time
	f
	1.25 ns

	Pre-cursor arrival rate
	f
	0.28 ns-1

	Pre-cursor rays amplitude distribution
	
	Rayleigh

	Number of pre-cursor rays
	Nf
	6

	Post-cursor rays K-factor
	Kb
	10.9 dB

	Post-cursor rays power decay time
	b
	8.7 ns

	Post-cursor arrival rate
	b
	1.0 ns-1

	Post-cursor rays amplitude distribution
	
	Rayleigh

	Number of post-cursor rays
	Nb
	8


It was emphasized in Section 3.7 that direct experimental measurements of the intra cluster angular distribution parameters are very complex requiring antennas with very large aperture. Based on results presented in [20] a simple model may be used to describe the intra cluster angular parameters. Intra cluster azimuth and elevation angles for both transmitter and receiver are modeled as independent normally distributed random variables with zero mean and RMS equal to 100.
6 Antenna Models and Beamforming Algorithms

This section provides a description of reference antenna models and beamforming algorithms that may be used together with the channel model. The reference antenna models and beamforming algorithms were developed to demonstrate the application of the channel model in simulations of 60 GHz communication systems with steerable directional antennas. 

Three antenna models are developed together with the given channel model. These are isotropic radiator, basic steerable directional antenna, and phased antenna array. Different types of antenna models with different parameters (e.g. beamwidths) may be used in the simulations. The three developed antenna models capture most of the practical simulation scenarios. However, the channel model is not limited in this sense and any additional antenna models may be created.
The support of polarization characteristics for antennas was introduced in Section 2.4.2. The polarization characteristics are directly supported for the basic steerable antenna model. Polarization characteristics are not supported in the isotropic radiator model because these two concepts are incompatible. Introduction of any polarization characteristics will give rise to spatial radiation selectivity of the isotropic radiator. For the antenna array, the polarization characteristics are also not supported in this version of the document, because the only introduced type of the elementary radiator is the isotropic radiator, which does not support polarization characteristics. Therefore, only basic steerable antenna model may be currently used in the simulations with polarization impact modeling.

Two methods for antennas beamforming are described in the document. The first method is the most power ray beamforming that sets the transmit and receive antennas steering directions along the channel ray the maximum power. An ideal knowledge of the space-time channel realization is assumed, which is not a practical assumption but provides essential simplifications for calculation of the reference performance results for a 60 GHz WLAN system using the developed channel model. The second beamforming algorithm is the maximum power exhaustive search beamforming algorithm. For this practical algorithm, the developed spherical sector coverage method is used to define a set of antenna steering directions so that to cover the given spherical sector with some minimum antenna gain and at the same to minimize the number of antenna positions used. Then the generated set of the antenna positions is applied at both transmit and receive sides and an iteration over all mutual transmit and receive antennas positions from this set is used to define a combination giving the maximum transmission power.
6.1 Application of Transmit and Receive Antennas to Channel Model

Analytical description for channel impulse response functions without and with polarization characteristics support were introduced in Section 2.2 (equations (1) and (2) correspondingly). These equations define a channel impulse response in the space-time domain. 
Application of antennas at the TX and RX sides is equivalent to spatial filtering procedure. The channel impulse response after application of TX and RX antennas depends only on the signal time of arrival.
If polarization characteristics for TX and RX antennas are not considered, then application of TX and RX antenna patterns to the channel impulse response described by equation (1) is given as follows:
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where gTX(φ, θ) and gRX(φ, θ) are antenna gain functions (antenna patterns) for TX and RX antennas respectively. In the case of the isotropic radiator antenna, the gain function is a constant value for all space directions and does not depend on azimuth and elevation angles. Therefore, the channel impulse response includes all rays existing between TX and RX sides. In the common case of steerable directional antenna, g(φ, θ) is a function of azimuth and elevation angles, therefore, some rays are sufficiently attenuated while others are amplified depending on their spatial position.
If polarization properties of TX and RX antennas are taken into account, then application of TX and RX antenna patterns to the channel impulse response described by equation (2) is given as follows
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where gTX(φ, θ) and gRX(φ, θ) are antenna gain functions (supporting polarization characteristics) for TX and RX antennas respectively.
Note that the antenna gain function g(φ, θ) is changed when antenna changes its spatial orientation. Therefore, the channel impulse response also depends on the antenna pattern spatial orientation.
6.2 Isotropic Radiator

The simplest type of the antenna model is an isotropic radiator [21]. This model has a spherical antenna pattern that equally illuminates all signal rays at the transmitter and equally combines all rays coming from different directions at the receiver.

The isotopic antenna cannot be implemented in practice but is a convenient theoretical model which is used in the channel model for analytical purposes.

This model does not have any spatial selectivity and does not need any beamforming procedure for optimal steering in space.

6.3 Basic Steerable Directional Antenna Model

6.3.1 General Description of Basic Steerable Antenna Model

Antenna patterns of the real world antennas have quite complex form and require many details for accurate description. For this reason many known wireless propagation channel models (e.g. [22], [23]) include only a basic antenna model that captures all essential characteristics of real world antennas but is significantly simplified to avoid unnecessary complexity. The most widely used is an antenna model with a main lobe of Gaussian form in linear scale (parabolic form in dB scale) and constant level of side lobes [22], [24]. Such antenna model was also adopted for the channel model.

An input parameter for the antenna model is 3 dB beamwidth of the main lobe (-3dB. This parameter fully defines the antenna pattern of the antenna model from which all the other parameters are derived.

A main lobe gain is described using a circularly symmetric Gaussian function which is represented in analytical form as follows:
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where G0 is a maximum antenna gain, ( is elevation angle, ( is azimuth angle, ( is a coefficient that is determined by the half-power beam width (-3dB as:
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Equation (95) can be expressed in dB scale as:
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The maximum gain of the antenna G0 may be calculated from (-3dB using approximation for an ideal circular aperture antenna [24], [25]:
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where k is the wavenumber and a is the radius of the aperture respectively

Main-lobe width is determined for -20 dB level relatively to maximum gain value and can be simply obtained from (97)
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The gain for other angles of the basic antenna model (outside the main lobe) is equal to a constant side lobe level. The side lobe level is chosen so that integration of the antenna power gain over total 4( solid angle results in unity (normalization condition).

Figure 64 shows antenna patterns of the proposed antenna model as a function of elevation angle for 3 dB beamwidth equal to 150, 300 and 600.

[image: image180.png]G(n), dB

20 40 60 8
6,deg

100

120

140





Figure 64. Antenna patterns of the basic antenna model for different values of (-3dB
Figure 65 shows a 3D antenna pattern for (-3dB = 300. Lines of equal gain correspond to the fixed values of elevation angle.
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Figure 65. 3D antenna pattern for (-3dB = 300

6.3.2 Support of Polarization Characteristics

Polarization characteristics of the basic steerable antenna model are directly supported in the channel model as it is described in Section 2.4. The TX and RX antennas polarization vectors need to be defined to set the antennas polarizations. 
6.3.3 Rotation of Basic Steerable Antenna

The proposed antenna model is described in the previous section for the case when it is steered with the maximum gain direction along the positive direction of z axis. However, performing beamforming procedures requires steering the antenna to an arbitrary direction at the TX and RX sides. This section describes how the steering procedure for basic steerable antenna model may be implemented.

The principle of the steering procedure implementation is the following. It is simplest to calculate amplification / attenuation of the propagation channel rays caused by the antenna in the coordinate system when the antenna is steered towards the z axis. In this case the antenna gain for each signal ray only depends on the elevation angle of the rays and does not depend on the azimuth angle. So when the antenna is steered away from the direction of z axis in a primary coordinate system (XYZ) (where all channel rays are defined), a new coordinate system (XYZ)r is introduced so that the antenna is pointed along the axis zr in this new coordinate system. After that, the recalculation of the angular coordinates of all channel rays is performed with the new coordinate system and the gain of antenna is applied.

The primary (XYZ) coordinate system is shown in Figure 66. At the transmitter (or receiver) the angular position of the ray is defined by two angles – azimuth angle ( and elevation angle (. 
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Figure 66. Coordinates Associated with Transmitter and Receiver in Beam Search Procedure

The procedure for conversion of angular coordinates from (XYZ) and (XYZ)r coordinate systems is as follows. The unique position of one coordinate system relatively to the other is defined by three rotation transformations known as Euler’s rotations. The first rotation is performed by an angle 
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 around the Zr-axis. The Euler’s rotation transformations are illustrated in Figure 67.
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Figure 67. Euler’s Rotations

The first rotation determines the target azimuth position relative to the transmitter (or receiver) coordinates. The second rotation sets the elevation angle position. The third rotation can be specified for non-symmetric azimuth distribution of the antenna gain function. But in the case of symmetrical antenna pattern it is omitted without lost of generality. Therefore two rotation angles (azimuth and elevation) need to be specified to determine the required antenna position at the transmitter (or receiver).

To determine the antenna gain coefficient corresponding to a particular ray direction, the conversion of its spatial azimuth and elevation angles in transmitter (receiver) system (XYZ) to rotated coordinates (XYZ)r associated with specific antenna position has to be performed. Such conversion is described by the rotation matrix which is decomposed as a product of elemental Givens rotation matrices.
Azimuth rotation is described by matrix
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Elevation rotation is described by
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Full rotation matrix has a form
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Note that the order of rotations in Figure 67 is in accordance with order of multiplications in (103). The third Euler’s rotation is not applied and therefore the matrix 
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Consider the point determined by spherical coordinates 
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 in transmitter (receiver) system (XYZ). The corresponding Cartesian coordinates are:
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The Cartesian coordinates in rotated system are defined by multiplication:
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Antenna gain coefficient in rotated coordinates (XYZ)r due to azimuth symmetry is determined by elevation angle only. Elevation angle in rotated coordinates is simply obtained using 
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If the elevation angle of the ray obtained by equation (107) falls within the main lobe of the antenna pattern, the antenna gain is calculated by substituting the elevation angle value into equation (97). If the elevation angle of the ray falls outside of the main lobe of the antenna pattern, the antenna side lobe gain level is applied.

6.4 Phased Antenna Array

Phased antenna arrays allow for beam steerable directional antennas in 60 GHz WLAN systems. Therefore, support of this type of antenna in the channel model is important.

6.4.1 Supported Types of Phased Antenna Arrays

Planar type of antenna arrays composed of variable number of identical elements is supported. Elements in the reference array design are isotropic radiators. However, the array model is not limited to only this type of radiators, and can be simply modified for any other type. Elements of planar array are arranged on a rectangular grid. An example of the geometry of an (Nx ( Ny) element array is shown in Figure 68.
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Figure 68. Geometry of (NxxNy) elements planar array arranged on rectangular grid

The geometry is obtained by initially placing Nx elements with equal spacing of dx along the x-axis and then placing a linear Nx array next to each other with equal spacing in the y-direction (normal to x). Therefore only arrays with equal spacing along different dimensions are considered, but steps along x and y directions in the general case are not equal.

Also it is important to note that the channel model allows to arbitrarily position the antenna relative to the main coordinate system of the channel model associated with the LOS direction. The position of the antenna array is defined by setting three corresponding Euler’s rotation angles. The recalculation of the coordinates of the rays from the main coordinate system to the coordinate system associated with the antenna array is done by Euler’s rotations as described in Section 6.3.2 above.

6.4.2 Antenna Gain Calculation for Planar Phased Arrays

This section provides an antenna gain calculation for planar arrays described in section above. A computation of gain may account for antenna efficiency as well as its directional capabilities. However, effects related to antenna radiation efficiency (i.e. the difference between power absorbed by antenna and radiated power) are not considered in this model. Therefore gain function and directivity are assumed to be the equivalent measures.

Directivity is defined as ratio of the radiation intensity in a given direction from antenna to the radiation intensity averaged over all directions [21]. For planar arrays composed from identical elements intensity, the field at a point in far-zone is a product of single element radiation pattern (element factor) and array factor [25]. In the case when isotropic radiators are utilized as array elements, the element factor is constant for all spatial directions and equal to 1. Each array has its own factor and, in general, it is a function of the number of elements in array, their geometrical arrangement, spacing between elements, and their relative phases and amplitudes. 

The following will calculate a precise mathematical equation for directivity distribution for a planar rectangular array described above. First we introduce a spherical system of coordinates associated with a planar array as shown in Figure 69.
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Figure 69. System of coordinates associated with planar array

The center of coordinates coincides with the geometrical center of array and xy-plane lies in the plane of the array. Axis x (the same is true for y) is parallel to one side of the array and normal to the other side. Axis z is normal to the plane of the array. Elevation angle ( in this system is the angle between the positive z-axis and the line between the origin and the target point. Azimuth angle ( is the angle between the positive x-axis and the line from the origin to the target point projected onto the xy-plane.

The directivity in accordance with this definition [21] is equal to the following ratio:
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where 
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. So, the directivity of a non-isotropic source is equal to the ratio of radiation intensity in a given direction to intensity of isotropic source in the same direction with the condition that it radiates the same total power. It is assumed that radiation occurs only into the half-space above the array and directivity for elevation angles greater than 
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The total intensity radiated along the ((, () direction by the (Nx ( Ny) element array, assuming no coupling between the elements, is equal to the square module of the following double sum:

	
[image: image204.wmf](

)

(

)

(

)

2

1

0

1

0

,

,

exp

,

,

å

å

-

=

-

=

D

×

×

=

x

x

y

y

N

n

N

n

ny

nx

ny

nx

j

W

f

U

j

j

q

j

q

,
	(109)


where f((, () is a radiation pattern of the single element, Wnx,ny are complex weights determining phase excitation for each element of array, and 
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 is a phase shift for an element with coordinates (nx,ny) relative to (0,0) element based upon the geometry of the array (see Figure 68). The magnitude of radiators excitation is identical and equal to 1.

The phase shift for this array geometry for element (nx,ny) and ((, () spatial direction is obtained as follows:
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where dx and dy are the distances between elements along different array dimensions, kx and ky are projections of wave vector into the x and y axis correspondingly.

The essential assumption introduced above is that planar array is composed from identical elements. Under this assumption equation (109) can be represented as a product of two factors:
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The second multiplier in (111) is called the array factor. The array factor only includes array parameters and does not depend on the directional characteristics of the radiating elements themselves. In the case of isotropic radiators, intensity of the field depends only on the array factor, and (111) is reduced to
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For the given geometry of a planar array, equation (112) represents the dependence of intensity distribution function on weight matrix coefficients.

Directivity properties of a phased array depend on phase excitation of each element in the array. In the general case, arbitrary complex weights can be applied to derive a target directivity distribution. It is essential to note that the normalization condition for weight matrix of following type
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is insufficient for saving average radiating power as a constant value. So the normalization of the transmitted power has to be done through integration of the intensity over the total 4( solid angle to get the total power. 

In the general case the integral for the total power can not be resolved in analytical form and numerical approach should be applied to obtain directivity distribution. 

For 60 GHz WLAN systems the most important practical case is when the antenna pattern has one main beam which is steered to a particular direction ((0, (0). In this case, the phase excitation for different elements should be set as:

	
[image: image211.wmf](

)

ny

nx

ny

nx

j

W

,

,

exp

y

D

-

=


	(114)


where phase shift 
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 in (110). The only difference is that instead of 
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 are applied. Such a weight matrix definition allows for the reduction of the integral for the average total power to summations. This eliminates the need to integrate the intensity distribution for each new spatial position. In papers [26], [27] analytical equations for average total power intensity are provided for different types of element factor. In the case of isotropic radiator the equation has the form presented below:
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Equation (115) allows rapid machine calculation of directivity distribution (108) for an arbitrary spatial position corresponding to the main beam setting by elevation and azimuth angles 
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The following example illustrates the directional capabilities of a planar phased array with a geometry of (Nx = 6,Ny = 6), dx = dy = 0.5λ. Figure 70 shows the degradation of directivity corresponding to maximum radiation intensity as a function of elevation scan angle 
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Figure 70. Example of directivity degradation for (6x6) planar phased array as a function of elevation angle along two azimuth directions

As it can be seen from Figure 70 directivity capabilities of a planar phased array closely depends on spatial beam position. Directivity decreases as elevation angle 
[image: image222.wmf]0

q

increases. In addition, the roll off factors for degradation curves are different for different azimuth directions.

Figure 71 shows 3D directivity patterns for a 6x6 planar phased array corresponding to different elevation scan angles 
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Figure 71. 3D directivity radiation patterns for 6x6 planar phased array for two values of elevation scan angles

6.5 Maximum Power Ray Beamforming Algorithm
For the maximum power ray beamforming algorithm, the space-time realization of the propagation channel is assumed to be known and both the transmit and receive antennas are adjusted along the channel ray with the maximum power. Complete knowledge of the space-time channel realization is not usually available in a practical system. However, the most power ray beamforming algorithm may be considered as a useful idealization providing an upper bound for performance of practical algorithms implementing iterative search of the optimal antennas position with respect to the maximum power criterion.

One may note that steering the antennas along a single ray with the maximum power is not necessarily optimal in terms of the total transmitted power maximization. Some channel realizations may require other positions of the transmit and receive antennas to maximize the total transmitted power. Calculations of such antennas positions cannot be done as simply as for the most ray beamforming algorithm and should take into account the whole space-time realization of the propagation channel and parameters of the antenna system as well. However, simulations of the channel models developed in this document have demonstrated that typically a channel realization has a strong dominant ray and the most power ray beamforming algorithm may be considered as a good approximation for the beamforming algorithm performing maximization of the total transmitted power.

6.6 Maximum Power Exhaustive Search Beamforming Algorithm
The maximum power ray beamforming algorithm described in Section 6.5 is useful for calculating reference performance characteristics of the 60 GHz WLAN system with the developed channel model. However, the algorithm does not constitute a practical case since assumes an ideal knowledge of the space-time channel realization. 

A typical practical algorithm does not have an a priori knowledge about the propagation channel and identifies optimal transmit and receive antennas steering positions by spatial scanning over a set of the positions and selecting the position providing the most transmission power. In this case, one of the tasks is to find a method for selecting the spatial scan directions so that the overlapping of antenna patterns at the adjacent antenna positions at some gain level is guaranteed and at the same time the number of antenna positions required to cover a specified spatial target is minimized. The overlapping of adjacent antenna positions at some gain level (e.g., 3 dB) is required so that not to miss the desirable signal path with antennas main beams. The minimization of the number of antenna positions is needed to cover the specified spatial region within the shortest time.

This section describes maximum power exhaustive search beamforming algorithm for basic steerable antennas and phased antenna arrays. The algorithm uses a method of spherical sector coverage that takes required spatial sector and antenna beamwidth as input parameters, identifies angular positions of the antenna steering directions so that to fully cover the given spherical sector and at the same to minimize overlapping between adjacent antenna beams and the number of required antenna positions. After the set of antenna steering directions is identified, the beamforming algorithm iterates over all combinations of transmit and receive antennas steering directions from this set and finds the combination of the transmit and receive antennas positions providing the maximum received power.

The problem of spherical sector coverage with some fixed antenna beamwidth may be formulated as follows: for a given spherical sector and specified minimum level of antenna gain the minimum number of antenna beam spatial positions should be found to cover all directions inside the given sector. The set of all these beam spatial positions guarantee that for any spatial (angular) direction inside the spherical sector the antenna gain level for at least one beam spatial position is equal to or greater than specified minimum allowed value (e.g., 3 dB below maximum antenna gain).

The sector coverage algorithm depends on antenna beam spatial form. It was assumed that the antenna pattern has an axial symmetry. Therefore, the levels of equal antenna gains for such pattern are circles.

It is well known that for the phased antenna array beam rotation leads to beam enlargement and appearance of side lobe beams. However, for the development of this algorithm, we do not consider such effects and suppose that main beam has the same width for all rotation angles positions.

It is clear that it is impossible to cover spherical sector by circles and have no overlapping between beams corresponding to adjacent spatial positions. Hence, it is evident that the problem of spherical sector coverage cannot be solved in an optimal way. Therefore, only some suboptimal algorithms can be found meaning that some overlapping between adjacent antenna positions will always exist to guarantee the required gain level for any spatial direction.

As a first step, the problem of optimal coverage of a plain surface may be considered. If the plains surface needs to be covered with circles of some radius then this problem also cannot be solved optimally with no overlapping between circles. The well-known suboptimal solution is to cover the required plain surface with hexagons inscribed in the circles as it is shown in Figure 72.
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Figure 72: Example of coverage of a plain surface with hexagons

The side length of hexagon is equal to the circle radius and the required surface may be tiled with hexagons with no gaps and no overlapping between hexagons. The same idea may be applied for coverage of a given spherical sector with hexagons inscribed in circles of the given radius. Below the description of suboptimal algorithm for such coverage is provided.

With no loss of generality it may be assumed that the required spherical sector is defined symmetrically around the coordinate z axis. Then algorithm starts from placing a first hexagon at the top of the given spherical sector so that the hexagon plane is orthogonal to the z axis and the z axis passes through the center of the hexagon. After placing the first hexagon the algorithm starts tiling the rest of the required spherical sector. The tiling algorithm fills the required surface symmetrically in six azimuth sectors defined by the first placed hexagon. In the beginning, the hexagons that are required to cover one sector are defined and after that they are symmetrically multiplied to cover remaining five sectors. After that the operation is repeated for the third row of 18 hexagons and is repeated until the needed coverage of the specified spherical sector is achieved.

A rigorous mathematical description of the method for selecting the set of antenna spatial positions with the required properties is beyond the scope is this document. However, properties of the resultant antenna positions sets are easily understandable from the method performance results provided below.

The input parameters of considered algorithm are three angles. The first angle ( determines minimum allowed antenna gain level. The tangent of the half of this angle ((/2) sets the ratio between the radius of circle Ro specifying the circle with the minimum allowed gain level and the spherical sector radius R that is the distance from antenna (should be at the antenna far zone).
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Figure 73 (a) illustrates ( angle definition.
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Figure 73: (a) Illustration for α angle definition (b) spherical sector limited by elevation angle 
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 (c) illustration for beam spatial position defined by target azimuth and elevation angles

The second angle (sec determines the elevation angle limiting spherical sector and has to be within the range of [0:900]. The spherical sector has an axial symmetry as depicted in Figure 73 (b). The third angle parameter ( is used to define the condition for tiling algorithm termination as it will be discussed further. The output of this algorithm is a set of the azimuth and elevation angles pairs ((b, (b) specifying the center of the hexagons inscribed in circles and providing the required coverage. Example of antenna beam spatial position defined by ((b, (b) pair is shown in Figure 73 (c). Sector parameters and antenna beam spatial relative position are defined in spherical coordinate system. Elevation angle in this system is the angle between the positive z-axis and the line between the origin and the target point. Azimuth angle is the angle between the positive x-axis and the line from the origin to the target point projected onto the xy-plane.
There may be situations when not all the hexagons (beam positions) from the last row should be kept to meet the spherical sector coverage requirement. The algorithm’s third input angle ( defines the criterion for keeping or discarding the hexagons of the last row. For each circle circumscribing the hexagon of the last row the elevation angle (max between the highest (with the maximum elevation angle) point of the circle and the spherical sector boundary is calculated. If this angle is less than or equal to ( then the circle (and inscribed hexagon) are kept, otherwise the circle is discarded. The angle ( may be changed from 0 to (. When ( = 0 all the hexagons that just touch the sector bound are kept. If ( = (/2 then only the circles (and hexagons) with the center lying above the spherical sector bound are kept. 
Figure 74 shows performance of the method for antennas positions set generation for the case 
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 and Figure 75 shows the method performance for the case 
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Figure 74: Method of spherical sector coverage performance with input parameters: 
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Figure 75: Method of spherical sector coverage performance with input parameters: 
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It may be seen from Figure 74 and Figure 75 that the developed method provides an effective coverage of the specified spatial target minimizing the overlapping between adjacent antenna positions. Also it may be seen that for the considered scenarios there are no gaps between adjacent antenna beams. 

Small gaps between adjacent beams may exist in the scenarios with small antenna beamwidth (less than 50) and big target spherical sectors (700 - 900). In these scenarios the large of number of hexagon rows is required to cover the given sector and small gaps between adjacent hexagons start to appear for antenna positions close to the azimuth plane (big elevation angles) as it shown in Figure 76 for the case 
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Figure 76: Method of spherical sector coverage performance with input parameters: 
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However, such small gaps are not critical since the antenna beam will broad in these directions and cover these gaps. If the gaps will still not be covered with broader antenna beamwidths, it is not critical as it will results only in some small decrease of the antenna gain in these directions.

The parameter ( for the method termination may be adjusted to achieve the required performance for the boundary region coverage and compromising the total number of beam positions versus the accuracy of the spherical sector coverage near the sector bound. Figure 77 and Figure 78 provide an illustration of this idea.
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Figure 77: Method of spherical sector coverage performance with input parameters:  
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Figure 78: Method of spherical sector coverage performance example with input parameters:  
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For some required practical configuration of the antenna beamwidth and the target spherical sector, the termination parameter ( of the tiling algorithm may be adjusted individually to achieve the required tradeoff between boundary region coverage and the number of antenna positions used.

For the general case, performance of the proposed method may be estimated by the number of antenna positions required to tile a given spherical target. 

Figure 79 shows the required number of beam positions as a function of the spherical sector elevation angle (sec for the cases ( = 100, 200, 300 and ( = 0, ( = (/2.
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Figure 79: Number of spatial positions required to cover required spherical sector
7 Path Loss

7.1 Path Loss Modeling

Sections 2 – 4.1 provide description of the general structure of the 60 GHz WLAN channel models and procedures proposed for the generation of the channel model parameters that are specific for different evaluation scenarios.
The developed channel models provide complex amplitudes of different rays taking into account the attenuation of the signal between the transmitter and receiver along the rays in a real scale (17). Hence, each ray has a part of information about the propagation loss of the channel and a part of information about the impulse response.

Note that this approach is different from a traditional channel modeling approach in the WLAN bands of 2.4 and 5 GHz where separate models are generated for path loss and channel impulse response. In 2.4 GHz and 5 GHz bands most of the channel rays contribute to the total received signal power even if multiple antennas are used and spatial signal processing algorithms are applied. Thus, the separation between path loss and impulse response models is possible and the path loss function describes average energy (power) behavior of electromagnetic field for different distances and the channel impulse response function independently describes channel realization behavior. 
In the 60 GHz WLAN band, the necessity of application of high directional steerable antennas and beamforming algorithms will lead to filtering out (in a spatial domain) of a single cluster of the propagation channel. So in many cases both the frequency selectivity and propagation loss of the channel will be only defined by characteristics of a single cluster. Thus, for the same TX and RX locations, the path loss and channel impulse response may be significantly different depending on the characteristics of the cluster used for communications and also directivity properties of antennas and a used beamforming algorithm. These facts, in general, do not allow developing independent models for path loss and channel impulse response characteristics.

The 60 GHz channel models developed in Sections 2 – 4.1 do not need independent path loss model and are directly applicable for simulations of beamforming algorithms and simulations of communication links. However, an independent path loss model is helpful for network (or MAC) simulations where direct application of the developed channel models and complete modeling of the beamforming algorithms may unnecessary complicate the network simulations, which have a different focus. To solve this problem, it is possible to derive an independent path loss model if some assumptions about the 60 GHz WLAN system such as antenna type and beamforming algorithm are fixed. 

In next sections, the path loss models are developed for different evaluation scenarios with fixing antenna configurations and beamforming algorithms. 
The current version of the path loss models does not support impact of polarization characteristics. Proposed path loss models are valid for the communication system using antennas with linear horizontal polarization. 
7.2 Path Loss Model for Conference Room

This section presents path loss models for the conference room STA-STA and STA-AP sub-scenarios for LOS and NLOS propagation environments. 
Isotropic TX to isotropic RX, isotropic TX to directional RX, and directional TX to directional RX antennas configurations are used to develop path loss model for LOS environment. For NLOS environment isotropic TX to isotropic RX case is not considered. Steerable directional antenna model from Section 6.3 with beamwidths from 100 to 600 is applied on RX side for isotropic-to-directional case and on both sides for directional-to-directional case. Beamforming algorithm adjusting RX antenna along the ray (cluster) with a maximum power is used to develop path loss model in the case of isotropic-to-directional antennas configuration. In the case of directional-to-directional configuration such adjustment is applied on both TX and RX sides. 
For each sub-scenario STA-STA (LOS and NLOS) and STA-AP (LOS and NLOS), a path loss formula predicting average path loss values for different TX-RX separation distances was found and, additionally, a shadow fading (SF) model, characterizing deviations of instantaneous path loss values from the average value for this distance, was developed.
7.2.1 Path Loss Model for STA-STA Sub-scenario
To develop a path loss model for the STA-STA sub-scenario, the instantaneous path loss values were generated using statistical channel model for different TX and RX locations. 10000 channel realizations were generated to calculate average path loss values and estimate standard deviation for each TX-RX separation distance.
LOS Propagation Environment
For LOS propagation environment isotropic-to-isotropic, isotropic-to-directional, directional-to-directional TX-RX antenna pairs were considered. Figure 80 shows the average path loss as a function of the distance for the conference room STA-STA sub-scenario in case of LOS propagation environment for different TX-RX antennas configurations.
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Figure 80. Average path loss vs. distance for the conference room STA-STA LOS sub-scenario
Figure 80 shows, that presented curves for different antennas configurations match each other very closely (within 0.1 dB) and may be approximated by the same polynomial law. It was estimated from Figure 80 that curves may be well approximated by the r2 law, where r is the TX-RX separation distance.
To estimate the deviation of the instantaneous path loss from the average value, the histograms of instantaneous path loss realizations for the conference room STA-STA LOS sub-scenario are plotted in Figure 81. The histograms are plotted for isotropic-to-directional and directional-to-directional cases. The distance between TX and RX is equal to 2 m, the steerable directional antenna with beamwidth 300 is used in both cases.
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Figure 81. Examples of histograms of path loss realizations for conference room STA-STA LOS sub-scenario for (a) isotropic-directional and (b) directional-directional antennas configurations, distance between TX and RX is equal to 2m
It may be seen from Figure 81, that for STA-STA LOS sub-scenario deviations of actual path loss values are very low (because the most part of the channel power is the LOS ray). Hence, no shadow fading may be assumed for the path loss model for this sub-scenario and all STA-STA LOS realizations of the channel with the same distance will have the same path loss value.
Based on the obtained simulation results a simple path loss model may be proposed for STA-STA LOS sub-scenario based on the Friis transmission equation:
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where ALOS = 32.5 dB, nLOS = 2.0, f is the carrier frequency in GHz, R is the distance between TX and RX in m. As it is described above, no shadow fading model is required for the STA-STA LOS scenario, since instantaneous path loss realizations are always very close to the average value given by (117).
In general case the value of ALOS is specific for the selected type of antennas configuration, antenna beamwidth (for directional antenna model) and beamforming algorithm. But for the considered isotropic-to-isotropic, isotropic-to-directional, and directional-to-directional antennas configurations with directional antenna beamwidths range from 100 to 600, the variation was found to be negligible (< 0.1 dB).
To verify (117), Figure 82 shows simulated path loss values using statistical channel model, path loss formula (117) and experimental path loss values measured in the conference room environment with 170 beamwidth directional antennas on both TX and RX sides steered along the LOS path. (The conference room experiments description may be found in [4]).
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Figure 82. Comparison of simulated path loss using statistical channel model, path loss formula (117) and experimental path loss values for the conference room STA-STA LOS sub-scenario
It may be seen that the proposed path loss model (117) is well matched to both the statistical conference room channel model and experimental data.
NLOS Propagation Environment

A procedure, similar to that described for STA-STA LOS sub-scenario, was applied to develop a path loss model for the STA-STA NLOS sub-scenario in the conference room environment. For NLOS propagation environment isotropic-to-directional and directional-to-directional TX-RX antenna pairs were considered. 
Figure 83 shows the average path loss as a function of the distance for the conference room STA-STA sub-scenario in case of NLOS propagation environment for different TX-RX antennas configurations.
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Figure 83. Average path loss vs. distance for the conference room STA-STA NLOS sub-scenario
Figure 83 shows that the path loss curves for different antennas configurations follow close to each other (within 1 dB) for all TX-RX distances. Thus, the average path loss dependence on the antenna configuration may be neglected and it was verified, that all curves may be well approximated by r0.6 law, where r is the TX-RX separation distance.
To estimate the deviation of the instantaneous path loss from the average value, the histogram of instantaneous path loss realizations for the conference room STA-STA NLOS sub-scenario is plotted in Figure 84. The histogram example is plotted for the directional-to-directional case. The distance between TX and RX is equal to 2 m, the steerable directional antenna with beamwidth 300 is used.
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Figure 84. Example of histogram of path loss realizations for conference room STA-STA NLOS sub-scenario for directional-directional antennas configuration (hpbw 30 deg, distance between TX and RX is equal to 2 m) and log-normal approximation
It may be seen from Figure 84, that for the STA-STA NLOS sub-scenario the variance of path loss is significant and shadow fading model should be introduced. Figure 84 shows normal (Gaussian) in dB (log-normal in absolute scale) analytical distribution with mean and variance parameters estimated from the histogram. That provides good matching to the simulated results and may be used as a shadow fading model for the conference room STA-STA NLOS sub-scenario.

Figure 85 shows the shadow fading standard deviation in dB as a function of the TX-RX separation distance plotted for different antennas configurations.
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Figure 85. Standard deviation of shadow fading for the conference room STA-STA NLOS sub-scenario for different antennas configurations as a function of distance
The results in Figure 85 show that the standard deviation  of the path loss slightly depends on the TX – RX separation distance but approximately may be taken equal to 3.3 dB for all distances. 
Additionally, Figure 85 shows that dependence of  on antenna beamwidth is small because, for the considered range of antenna beamwidths (100 to 600), antenna selects only one spatial channel cluster for most of the cases.

Based on the obtained results, the average path loss model may be proposed for the STA-STA NLOS sub-scenario as:
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where ANLOS = 51.5 dB, nLOS = 0.6, f is the carrier frequency in GHz, R is the distance between TX and RX in m. 
The values of ANLOS and nNLOS may be specified for the selected type of antenna and beamforming algorithm. ANLOS depends on the antennas configurations, but for the considered configurations the variation is small (< 1 dB) and can be neglected.
To generate instantaneous path loss realizations, the shadow fading (SF) model should be applied. The SF values distribution is normal in dB (log-normal in absolute values) with standard deviation  = 3.3 dB.

To verify (118), Figure 86 shows simulated path loss values using statistical channel model, path loss formula (118) and experimental path loss values measured in the conference room environment with 170 beamwidth directional antennas on both TX and RX sides steered along the most powerful NLOS signal cluster. (The conference room experiments description may be found in [4]).
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Figure 86. Comparison of simulated path loss using statistical channel model, path loss formula (118) and experimental path loss values for the conference room STA-STA NLOS sub-scenario
It may be seen that the proposed path loss model (118) is well matched to both the statistical conference room channel model and experimental data.
7.2.2 Path Loss Model for STA-AP Sub-scenario
To develop a path loss model for the STA-AP sub-scenario, the instantaneous path loss values were generated using statistical channel model for different RX locations on the table surface. 10000 channel realizations were generated to calculate average path loss values and estimate standard deviation for each TX-RX separation distance.
LOS Propagation Environment
For LOS propagation environment isotropic-to-directional and directional-to-directional TX-RX antenna pairs were considered. Figure 87 shows the average path loss as a function of the distance for the conference room STA-AP subscenario in case of LOS propagation environment for different TX-RX antennas configurations.
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Figure 87. Average path loss vs. distance for the conference room STA-AP LOS sub-scenario
Figure 87 shows, that presented curves for different antennas configurations match each other very closely (within 0.1 dB) and may be approximated by the same polynomial law. It was estimated from Figure 87 that curves may be well approximated by the r2 law in the same way as it was done for the STA-STA LOS sub-scenario, where r is the TX-RX separation distance.
To estimate the deviation of the instantaneous path loss from the average value, the histograms of the instantaneous path loss realizations for the conference room STA-AP LOS sub-scenario are plotted in Figure 88. The histograms are plotted for the isotropic-to-directional and directional-to-directional cases. The distance between TX and RX is equal to 2 m, the steerable directional antenna with beamwidth 300 is used in both cases.
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	(a) isotropic-directional (hpbw 30 deg)
	(b) directional-directional (hpmw 30 deg)


Figure 88. Examples of histograms of the path loss realizations for the conference room STA-AP LOS sub-scenario for (a) isotropic-directional and (b) directional-directional antennas configurations, distance between TX and RX is equal to 2m
It may be seen from Figure 88, that for STA-AP LOS sub-scenario deviations of actual path loss values are very low (because the most part of the channel power is the LOS ray). Hence, no shadow fading may be assumed for the path loss model for this sub-scenario and all STA-AP LOS realizations of the channel with the same distance will have the same path loss value.
Based on the obtained simulation results a simple path loss model may be proposed for STA-AP LOS sub-scenario based on the Friis transmission equation in similar way as it was done for the STA-STA sub-scenario:
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where ALOS = 32.5 dB, nLOS = 2.0, f is the carrier frequency in GHz, R is the distance between TX and RX in m. Note, that for MAC simulations it is convenient to introduce distance between TX and RX projected to horizontal plane – Rh. Using Figure 5 from Section 3.2, distance R can be simply related to distance Rh as
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where h is the AP height above the table surface equal to 1.9 m. Therefore, the average path loss (119) can be considered as a function of Rh.
As it is described above, no shadow fading model is required for the STA-AP LOS scenario, since instantaneous path loss realizations are always very close to the average value given by (119).

In general case the value of ALOS is specific for the selected type of antennas configuration, antenna beamwidth (for directional antenna model) and beamforming algorithm. For the considered isotropic-to-directional and directional-to-directional antennas configurations with directional antenna beamwidths range from 100 to 600, the variation was found to be negligible (< 0.1 dB).
Figure 89 shows comparison of simulated path loss values for STA-AP LOS sub-scenario using statistical channel model and path loss formula (119).
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Figure 89. Comparison of simulated path loss using statistical channel model and path loss formula (119) for the conference room STA-AP LOS sub-scenario
It may be seen that the proposed path loss model (119) is well matched to the statistical conference room channel model.
NLOS Propagation Environment
A procedure similar to that described for STA-AP LOS sub-scenario was applied to develop a path loss model for the STA-AP NLOS sub-scenario in the conference room environment. For NLOS propagation environment isotropic-to-directional and directional-to-directional TX-RX antennas pairs were considered.
Figure 90 shows the average path loss as a function of the distance for the conference room STA-AP sub-scenario in case of NLOS propagation environment for different TX-RX antennas configurations.
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Figure 90. Average path loss vs. distance obtained using statistical channel model and formula (121) for the conference room STA-AP NLOS sub-scenario
Figure 90 shows that the path loss curves for different antennas configurations follow close to each other (within 1.5 dB) for all TX-RX distances. Thus, the average path loss dependence on the antennas configuration may be neglected and it was verified that all curves may be approximated by r1.4 law, where r is the TX-RX separation distance.
To estimate the deviation of the instantaneous path loss from the average value, the histogram of instantaneous path loss realizations for the conference room STA-AP NLOS sub-scenario is plotted in Figure 91. The distance between TX and RX is equal to 2 m, the steerable directional antenna with beamwidth 300 is used.
[image: image284.emf]707580859095100105

0

50

100

150

200

250

300

350

Path loss distribution for STA-AP NLOS sub-scenario

Path loss, dB

 

 

estimated distribution

log-normal approximation


Figure 91. Example of histogram of path loss realizations for conference room STA-AP NLOS sub-scenario for directional-directional antennas configuration (hpbw 30 deg, distance between TX and RX is equal to 2 m) and log-normal approximation
It may be seen from Figure 91, that for the STA-AP NLOS sub-scenario the variance of path loss is significant and shadow fading model should be introduced. Figure 91 shows normal (Gaussian) in dB (log-normal in absolute scale) analytical distribution with mean and variance parameters estimated from the histogram. That provides good matching to the simulated results and may be used as a shadow fading model for the conference room STA-AP NLOS sub-scenario.

Figure 92 shows the shadow fading standard deviation in dB as a function of the TX-RX separation distance plotted for different antennas configurations.
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Figure 92. Standard deviation for shadow fading for the conference room STA-AP NLOS sub-scenario for different antennas configurations as a function of distance
The results in Figure 92 show that the standard deviation  of the path loss slightly depends on the TX – RX separation distance but approximately may be taken equal to 3.0 dB for all distances. 
Additionally, Figure 92 shows that dependence of  on antenna beamwidth is small because, for the considered range of antenna beamwidths (100 to 600), antenna selects only one spatial channel cluster for most of the cases.

Based on the obtained results, the average path loss model may be proposed for the STA-AP NLOS sub-scenario as:
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where ANLOS = 45.5 dB, nLOS = 1.4, f is the carrier frequency in GHz, R is the distance between TX and RX in m. 

The values of ANLOS and nNLOS may be specified for the selected type of antenna and beamforming algorithm. ANLOS depends on the antennas configurations, but for the considered configurations the variation is small (< 1.5 dB) and can be neglected.

To generate instantaneous path loss realizations, the shadow fading (SF) model should be applied. The SF values distribution is normal in dB (log-normal in absolute values) with standard deviation  = 3.0 dB.

To verify (121), Figure 90 shows simulated path loss values using statistical channel model and path loss formula (121). It may be seen that the proposed path loss model (121) is well matched to the statistical conference room channel model.
7.3 Path Loss Model for Cubicle Environment

This section presents path loss model for the enterprise cubicle for LOS and NLOS propagation environments. Isotropic TX to directional RX and directional TX to directional RX antennas configurations are used to develop path loss model for both LOS and NLOS propagation environments. Steerable directional antenna model from Section 6.3 with beamwidths from 100 to 600 is applied on TX side for isotropic-to-directional case and on both sides for directional-to-directional case. 

Beamforming algorithm adjusting RX antenna along the ray (cluster) with a maximum power is used to develop path loss model in the case of isotropic-to-directional antennas configuration. In the case of directional-to-directional configuration such adjustment is applied on both TX and RX sides. 
For each propagation environment LOS and NLOS, a path loss formula predicting average path loss values for different TX-RX separation distances was found and, additionally, a shadow fading (SF) model, characterizing deviations of instantaneous path loss values from the average value for this distance, was developed. 

7.3.1 LOS Propagation Environment

As it was discussed in Section 4.2 LOS propagation scenario is feasible for both near laptop location (cubicle #5) and far laptop location (cubicles #1, #2) (see Figure 27). These two cases should be considered separately due to different possible LOS distances between AP (TX) and laptop (RX) positions and different set of possible clusters.

To develop a path loss model for the LOS propagation environment, the instantaneous path loss values were generated using statistical channel model for different laptop (RX) locations inside the cubicle as was discussed in Section 4.2. 10000 channel realizations were generated to calculate average path loss value and estimate standard deviation for each TX-RX separation distance.
For LOS propagation environment isotropic-to-directional, directional-to-directional TX-RX antenna pairs were considered. Figure 93 shows the average path loss as a function of the distance for the enterprise cubicle LOS scenario for near laptop location in the case of different TX-RX antennas configurations. 
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Figure 93. Average path loss vs. distance obtained using statistical channel model for near laptop location and formula (122) for the enterprise cubicle LOS scenario
Figure 94 shows the average path loss as a function of the distance for the enterprise cubicle LOS scenario for far laptop location in the case of different TX-RX antennas configurations. 
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Figure 94. Average path loss vs. distance obtained using statistical channel model for far laptop location and formula (122) for the enterprise cubicle LOS scenario
Figure 93 and Figure 94 show, that presented curves (for both near and far laptop locations) for different antennas configurations match each other very closely (within 0.1 dB) and may be approximated by the same polynomial law. It was estimated from Figure 93 and Figure 94 that curves (for both near and far laptop locations) may be well approximated by the r2 law in the same way as it was done for the STA-STA LOS sub-scenario, where r is the TX-RX separation distance.

It was estimated, that no shadow fading may be assumed for the path loss model for enterprise cubicle LOS scenario and all LOS realizations of the channel with the same distance will have the same path loss value.

Based on the obtained simulation results a simple path loss model may be proposed for LOS propagation environment based on the Friis transmission equation:
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where ALOS = 32.5 dB, nLOS = 2.0, f is the carrier frequency in GHz, R is the distance between TX and RX in m.
In general case the value of ALOS is specific for the selected type of antennas configuration, antenna beamwidth (for directional antenna model) and beamforming algorithm. For the considered isotropic-to-directional and directional-to-directional antennas configurations with directional antenna beamwidths range from 100 to 600, the variation was found to be negligible (< 0.1 dB).
Figure 93 and Figure 94 show comparison of simulated path loss values for LOS environment using statistical channel model and path loss formula (122).
7.3.2 NLOS Propagation Environment

As it was discussed in Section 4.2 NLOS propagation scenario is feasible for far laptop location only. A procedure similar to that described for enterprise cubicle LOS scenario was applied to develop a path loss model for the NLOS scenario. For NLOS propagation environment isotropic-to-directional and directional-to-directional TX-RX antennas pairs were considered.

Figure 95 shows the average path loss as a function of the distance for the enterprise cubicle NLOS propagation environment for different TX-RX antennas configurations.
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Figure 95. Average path loss vs. distance obtained using statistical channel model and formula (123) for the enterprise cubicle NLOS scenario
Figure 95 shows that the path loss curves for different antennas configurations follow close to each other (within 1.5 dB) for all TX-RX distances. Thus, the average path loss dependence on the antennas configuration may be neglected and it was verified that all curves may be approximated by r1.8 law, where r is the TX-RX separation distance.

To estimate the deviation of the instantaneous path loss from the average value, the histogram of instantaneous path loss realizations for the enterprise cubicle NLOS scenario is plotted in Figure 96. The distance between TX and RX is equal to 5.2 m, the steerable directional antenna with beamwidth 300 is used.
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Figure 96. Example of histogram of path loss realizations for enterprise cubicle NLOS scenario for directional-directional antennas configuration (hpbw 30 deg, distance between TX and RX is equal to 5.2 m) and log-normal approximation
It may be seen from Figure 96, that for the NLOS scenario the variance of path loss is significant and shadow fading model should be introduced. Figure 96 shows normal (Gaussian) in dB (log-normal in absolute scale) analytical distribution with mean and variance parameters estimated from the histogram. That provides good matching to the simulated results and may be used as a shadow fading model for the enterprise cubicle NLOS scenario.
Figure 97 shows the shadow fading standard deviation in dB as a function of the TX-RX separation distance plotted for different antennas configurations.
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Figure 97. Standard deviation for shadow fading for the enterprise cubicle NLOS scenario for different antennas configurations as a function of distance
The results in Figure 97 show that the standard deviation  of the path loss slightly depends on the TX – RX separation distance but approximately may be taken equal to 1.5 dB for all distances.

Additionally, Figure 97 shows that dependence of  on antenna beamwidth is small because, for the considered range of antenna beamwidths (100 to 600), antenna selects only one spatial channel cluster for most of the cases.

Based on the obtained results, the average path loss model may be proposed for the enterprise cubicle NLOS scenario as:
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where ANLOS = 44.2 dB, nLOS = 1.8, f is the carrier frequency in GHz, R is the distance between TX and RX in m.
The values of ANLOS and nNLOS may be specified for the selected type of antenna and beamforming algorithm. ANLOS depends on the antennas configurations, but for the considered configurations the variation is small (< 1.5 dB) and can be neglected.
To generate instantaneous path loss realizations, the shadow fading (SF) model should be applied. The SF values distribution is normal in dB (log-normal in absolute values) with standard deviation  = 1.5 dB.

To verify (123), Figure 95 shows simulated path loss values using statistical channel model and path loss formula (123). It may be seen that the proposed path loss model (123) is well matched to the statistical enterprise cubicle channel model.
7.4 Path Loss Model for Living Room

This section presents path loss model for the living room for LOS and NLOS propagation environments. Isotropic TX to directional RX and directional TX to directional RX antennas configurations are used to develop path loss model for both LOS and NLOS propagation environments. Steerable directional antenna model from Section 6.3 with beamwidths from 100 to 600 is applied on TX side for isotropic-to-directional case and on both sides for directional-to-directional case. 
Beamforming algorithm adjusting RX antenna along the ray (cluster) with a maximum power is used to develop path loss model in the case of isotropic-to-directional antennas configuration. In the case of directional-to-directional configuration such adjustment is applied on both TX and RX sides. 
For each propagation environment LOS and NLOS, a path loss formula predicting average path loss values for different TX-RX separation distances was found and, additionally, a shadow fading (SF) model, characterizing deviations of instantaneous path loss values from the average value for this distance, was developed.
7.4.1 LOS Propagation Environment
To develop a path loss model for the LOS propagation environment, the instantaneous path loss values were generated using statistical channel model for different TX locations inside the rectangular sector of possible STB positions in horizontal plane as was introduced in Section 5.1. 10000 channel realizations were generated to calculate average path loss values and estimate standard deviation for each TX-RX separation distance.
For LOS propagation environment isotropic-to-directional, directional-to-directional TX-RX antenna pairs were considered. Figure 98 shows the average path loss as a function of the distance for the living room LOS scenario for different TX-RX antennas configurations.
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Figure 98. Average path loss vs. distance obtained using statistical channel model and formula (124) for the living room LOS scenario
Figure 98 shows, that presented curves for different antennas configurations match each other very closely (within 0.1 dB) and may be approximated by the same polynomial law. It was estimated from Figure 98 that curves may be well approximated by the r2 law in the same way as it was done for the STA-STA LOS sub-scenario, where r is the TX-RX separation distance.

It was estimated, that no shadow fading may be assumed for the path loss model for living room LOS scenario and all LOS realizations of the channel with the same distance will have the same path loss value.

Based on the obtained simulation results a simple path loss model may be proposed for LOS propagation environment based on the Friis transmission equation:
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where ALOS = 32.5 dB, nLOS = 2.0, f is the carrier frequency in GHz, R is the distance between TX and RX in m.
In general case the value of ALOS is specific for the selected type of antennas configuration, antenna beamwidth (for directional antenna model) and beamforming algorithm. For the considered isotropic-to-directional and directional-to-directional antennas configurations with directional antenna beamwidths range from 100 to 600, the variation was found to be negligible (< 0.1 dB).
Figure 98 shows comparison of simulated path loss values for LOS environment using statistical channel model and path loss formula (124).

7.4.2 NLOS Propagation Environment
A procedure similar to that described for living room LOS scenario was applied to develop a path loss model for the NLOS scenario. For NLOS propagation environment isotropic-to-directional and directional-to-directional TX-RX antennas pairs were considered.

Figure 99 shows the average path loss as a function of the distance for the living room NLOS propagation environment for different TX-RX antennas configurations.
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Figure 99. Average path loss vs. distance obtained using statistical channel model and formula (125) for the living room NLOS scenario
Figure 99 shows that the path loss curves for different antennas configurations follow close to each other (within 2.0 dB) for all TX-RX distances. Thus, the average path loss dependence on the antennas configuration may be neglected and it was verified that all curves may be approximated by r1.5 law, where r is the TX-RX separation distance.

To estimate the deviation of the instantaneous path loss from the average value, the histogram of instantaneous path loss realizations for the living room NLOS scenario is plotted in Figure 100. The distance between TX and RX is equal to 2 m, the steerable directional antenna with beamwidth 300 is used.
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Figure 100. Example of histogram of path loss realizations for living room NLOS scenario for directional-directional antennas configuration (hpbw 30 deg, distance between TX and RX is equal to 2 m) and log-normal approximation
It may be seen from Figure 100, that for the NLOS scenario the variance of path loss is significant and shadow fading model should be introduced. Figure 100 shows normal (Gaussian) in dB (log-normal in absolute scale) analytical distribution with mean and variance parameters estimated from the histogram. That provides good matching to the simulated results and may be used as a shadow fading model for the living room NLOS scenario.

Figure 101 shows the shadow fading standard deviation in dB as a function of the TX-RX separation distance plotted for different antennas configurations.
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Figure 101. Standard deviation for shadow fading for the living room NLOS scenario for different antennas configurations as a function of distance
The results in Figure 101 show that the standard deviation  of the path loss slightly depends on the TX – RX separation distance but approximately may be taken equal to 3.4 dB for all distances. 
Additionally, Figure 101 shows that dependence of  on antenna beamwidth is small because, for the considered range of antenna beamwidths (100 to 600), antenna selects only one spatial channel cluster for most of the cases.

Based on the obtained results, the average path loss model may be proposed for the living room NLOS scenario as:
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where ANLOS = 44.7 dB, nLOS = 1.5, f is the carrier frequency in GHz, R is the distance between TX and RX in m.
The values of ANLOS and nNLOS may be specified for the selected type of antenna and beamforming algorithm. ANLOS depends on the antennas configurations, but for the considered configurations the variation is small (< 2.0 dB) and can be neglected.

To generate instantaneous path loss realizations, the shadow fading (SF) model should be applied. The SF values distribution is normal in dB (log-normal in absolute values) with standard deviation  = 3.4 dB.

To verify (125), Figure 99 shows simulated path loss values using statistical channel model and path loss formula (125). It may be seen that the proposed path loss model (125) is well matched to the statistical living room channel model.
7.5 Path Loss Model Summary
The characteristics of the 60 GHz WLAN propagation channel complicate the development of the independent path loss model. However, if antenna system parameters and beamforming algorithms are fixed then it is possible to derive an average path loss model using the standard form:
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Here A and n are parameters specific for the scenario and antenna system, f is the carrier frequency in GHz, R is the distance between TX and RX in m.

To generate path loss realizations, the normal in dB shadow fading (SF) model should be used together with the average path loss model (126). SF standard deviation ( is specific for the scenario and antenna system parameters.

The path loss model parameters for the conference room, enterprise cubicle, and living room scenario, basic steerable antenna model and maximum ray power beamforming algorithm are shown in Table 26. 
Table 26. Summary of path loss model parameters

	Scenario
	A, dB
	n
	SF std. dev., dB

	Conference room STA-STA LOS
	32.5
	2.0
	0

	Conference room STA-STA NLOS
	51.5
	0.6
	3.3

	Conference room STA-AP LOS
	32.5
	2.0
	0

	Conference room STA-AP NLOS
	45.5
	1.4
	3.0

	Living room LOS
	32.5
	2.0
	0

	Living room NLOS
	44.7
	1.5
	3.4

	Cubicle environment Near/Far laptop location, LOS
	32.5
	2.0
	0

	Cubicle environment Far laptop location, NLOS
	44.2
	1.8
	1.5


8 Dynamic Model for System Level Simulations with MAC Protocols

This section gives guidelines how to include channel dynamics due to human movement that may be included in system level simulations with MAC protocols.

The dynamical human blockage model considered in Sections 3.3.8 and 3.5.7 uses the assumption that channel realizations are generated independently for random time instances, meaning the temporal characteristics of shadowing events are not included. This simplification is valid only for PHY level simulations. In this case no correlation between successive generated impulse responses is required, since PHY level simulations assume averaging over a large number of channel realizations. In order to cover the influence of human induced channel dynamics, both temporal characteristics and signal level/SNR degradation has to be considered in system level simulations that include MAC protocols. Therefore, a statistical model has been developed that is based on measurements presented in [11], where parameters were investigated characterizing fading events due to human blockage.
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Figure 102. Example for temporal characteristics of human induced shadowing events
Figure 102 shows the shadow fading attenuation gap obtained from experimental measurements (solid line) as well as the corresponding shape of the proposed model (dashed line) to describe this event. Four parameters have been chosen to describe the shadow fading event. The duration tD characterizes the time between the last zero crossing before and the first zero crossing after the shadowing event. The decay time tdecay and the rising time trise specify the time span between the zero crossings of the signal level and a given threshold (10 dB) in each case. The mean attenuation Amean is calculated in the interval [tD/3<t<2/3 tD]. The shadowing event is modelled by a series consisting of a linearly decaying period, a period with a constant signal level and a period with a linearly increasing signal level. The decay rate as well as the rate of increase can be calculated from the parameters tdecay and trise. Approximate probability distributions have been derived for all four parameters and validated by the Kolmogorov–Smirnov test. The type of distribution functions and the corresponding model parameters are given in Table 27. In this table the decay time as well as the rising time relate to a 3 dB threshold. 

Table 27. Human induced shadow fading model parameters

	Parameter
	Distribution 

	tD[s]
	Weibull ( = 0.59, k = 6.32)

	tdecay,3dB[s]
	Weibull( = 0.044, k = 2.07)

	trise,3dB[s]
	Weibull ( = 0.045, k = 1.76)

	Amean[dB]
	Gaussian ( = 13.4,  = 2.0)
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