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Abstract
Description of channel models for 45 GHz Wireless Local Area Networks (WLANs) systems based on the results of experimental measurements.







Revision History

r0 –  July 2013 – Initial version describing the channel models between two STAs on the table or between an AP and a STA..
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[bookmark: _Toc234832089][bookmark: _Ref250238558][bookmark: _Toc361844710]Introduction
Wireless multiple-input multiple-output (MIMO) technology which enables increased spectral efficiency and power efficiency is being widely investigated and is being gradually adopted [1]. The millimeter-wave frequency band is considered to be a promising candidate for the new-generation WLAN because of its availability of unused wide bandwidth.
Multiple antenna technologies are being considered as a viable solution for the next generation of millimeter-wave wireless local area networks (WLAN). The use of multiple antennas offers extended range, improved reliability and higher throughputs than conventional single antenna communication systems. Multiple antenna systems can be generally separated into two main groups: smart antenna based systems and spatial multiplexing based MIMO systems.
Smart antenna based systems exploit multiple transmit and/or receive antennas to provide diversity gain in a fading environment, antenna gain and interference suppression. These gains translate into improvement of the spectral efficiency, range and reliability of wireless networks. These systems may have an array of multiple antennas only at one end of the communication link (e.g., at the transmit side, such as multiple-input single-output (MISO) systems; or at the receive side, such as single-input multiple-output (SIMO) systems; or at both ends (MIMO) systems). In MIMO systems, each transmit antenna can broadcast at the same time and in the same bandwidth an independent signal sub-stream. This corresponds to the second category of multi-antennas systems, referred to as spatial multiplexing-based MIMO systems. For example, using this technology with n transmit and n receive antennas, an n-fold increase in data rate can be achieved over a single antenna system [1]. This breakthrough technology appears promising in fulfilling the growing demand for future ultra-high data rate WLAN systems.
This document describes the channel models for 45 GHz WLAN systems based on the results of experimental measurements. The goal of the channel modeling is to assist 45 GHz WLAN standardization process.
The document proposes a general structure of a new channel model which takes into account important properties of 45 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, a cubicle office room 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 TGaj Evaluation Methodology (EVM) document [2]. These are conference room, cubicle office room and living room scenarios. 
[bookmark: OLE_LINK3][bookmark: OLE_LINK4]Reference antenna models that may be applied to the generated space-time channel realizations are implemented in the channel model and described. Two types of antenna models are proposed to be used together with the channel model. These are isotropic antenna and fan-beam antenna models. 
[bookmark: _Ref215552085][bookmark: _Toc223873387][bookmark: _Toc234832091][bookmark: _Toc361844711]General Characteristics of Channel Model
[bookmark: _Toc223873388][bookmark: _Toc234832092][bookmark: _Toc361844712]Requirements for Channel Model
The following are requirements of channel models for 45 GHz WLAN systems taking into account properties of 45 GHz channels and applications of 45 GHz WLAN technology:
· Provide accurate space-time characteristics of the propagation channel (basic requirement) for main usage models of interest;
· Support multiple antennas on both TX and RX sides with no limitation on the antenna type (i.e. isotropic antenna, fan-beam antenna);
· 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.
[bookmark: _Toc223873389][bookmark: _Toc234832093][bookmark: _Ref246103150][bookmark: _Toc361844713]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 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:
	

	[bookmark: ZEqnNum560571]


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.
· (x)- 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 . 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  by 2x2 cluster polarization matrices H(i), and the channel impulse responses realization to be described by matrix h:
	

	[bookmark: ZEqnNum794836]


The structure of the model for intra cluster channel impulse response C(i) is kept unchanged from . 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  and  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.
[bookmark: _Toc234832094][bookmark: _Toc361844714]Model Development Methodology
As it follows from the proposed general model structure , , the inter cluster and intra cluster temporal and spatial parameters need to be specified to define the channel model for some scenario. 
Special considerations are required to support polarization characteristics. The approach used to account for polarization impact is described in Section 2.4.
[bookmark: _Toc234832095][bookmark: _Ref235020894][bookmark: _Ref235022230][bookmark: _Ref235071176][bookmark: _Ref235119223][bookmark: _Toc361844715]Polarization Characteristics Support
Polarization Impact for 45 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 45 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 orthogonally polarized 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). 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 45 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 [5]. This approach was also used as a basis for the development of the polarization model at 45 GHz used in this document. The next sections provide details of this approach. 
[bookmark: _Ref235208533]Antenna Polarization Properties
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.


[bookmark: _Ref235074234]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.
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.
[bookmark: _Ref235075220]Table 1. Examples of antennas polarization description using Jones vector
	Antenna polarization type
	Corresponding Jones vector

	Linear polarized in the -direction
	


	Linear polarized in the φ-direction
	


	Left hand circular polarized (LHCP)
	


	Right hand circular polarized (RHCP)
	




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:
	

	


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 .
[bookmark: _Ref262059519]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. 
[image: ]
[bookmark: _Ref235106126]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:
	

	[bookmark: ZEqnNum320417]


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  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 , the structure of polarization matrix H for a second order reflection is given in  and includes additional rotation and reflection matrices.
	

	[bookmark: ZEqnNum104391]


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 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.
[bookmark: _Ref216860208][bookmark: _Toc223873390][bookmark: _Toc234832096][bookmark: _Toc361844716]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.


[bookmark: _Ref216778030]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 communications, 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 MIMO correlation matrix are included, which may be applied in the next step of the channel realization generation process. 
In the last step the channel impulse are converted from continuous time to discrete time with the specified sample. After this step the generation of the discrete time MIMO channel impulse responses are completed and useable in simulations.

[bookmark: _Ref215298658][bookmark: _Toc223873391][bookmark: _Toc234832097][bookmark: _Toc361844717]Conference Room Channel Model
[bookmark: _Toc223873392][bookmark: _Toc234832098][bookmark: _Ref235027128][bookmark: _Toc361844718]Measurements and Modeling Scenarios
The channel model for the conference room environment is based on the experimental results. 
 
[bookmark: _Toc223873393][bookmark: _Toc234832099][bookmark: _Ref235099582][bookmark: _Ref246084306][bookmark: _Ref249944623][bookmark: _Toc361844719]Model Development Methodology
This section describes the methodology used to develop a channel model for the conference room environment.

[bookmark: _Toc223873394][bookmark: _Toc234832100][bookmark: _Ref235099724][bookmark: _Toc361844720]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.
[bookmark: _Toc223873395][bookmark: _Toc234832101][bookmark: _Ref235184960][bookmark: _Ref235203275][bookmark: _Ref240692673]LOS Ray
The first type of cluster is the LOS path, which is modeled as a single ray with the gain equal to: 
	
 
	


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 错误!未找到引用源。 is derived from the Friis transmission equation, which sets the signal receive power Prx as:
	

	


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 错误!未找到引用源。.
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.
[bookmark: _Toc223873396][bookmark: _Toc234832102]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.

[bookmark: _Toc223873397][bookmark: _Toc234832103][bookmark: _Ref235204443][bookmark: _Ref240692839][bookmark: _Ref246089097][bookmark: _Ref246090404]Angular Characteristics for First Order Reflection from Walls

[bookmark: _Toc223873398][bookmark: _Toc234832104]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.
[bookmark: _Toc216707704][bookmark: _Toc223873399][bookmark: _Toc234832105]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.
[bookmark: _Toc223873400][bookmark: _Toc234832106][bookmark: _Ref235205574][bookmark: _Ref235205832]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.

[bookmark: _Toc223873401][bookmark: _Toc234832107][bookmark: _Ref235174233][bookmark: _Ref235177539][bookmark: _Ref235188891][bookmark: _Ref235194539][bookmark: _Ref235195176][bookmark: _Ref235206719][bookmark: _Ref250227468][bookmark: _Ref250227618][bookmark: _Ref250402958][bookmark: _Ref255044199][bookmark: _Ref255044212][bookmark: _Ref261533593][bookmark: _Ref262105580]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:
	

	


where g(i) is a reflection loss, λ is a wavelength (6.7 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. 
[bookmark: _Ref251791580][bookmark: _Ref251706120]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.
[bookmark: _Toc234832109][bookmark: _Ref235099793][bookmark: _Toc361844721]Polarization Impact Modeling for STA-STA Sub-scenario
[bookmark: _Ref235123496]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):
	

	


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:
	

	

	

	


where inc is the incident angle.

The next sections describe statistical models developed for the polarization matrix H of different types of clusters of the STA-STA sub-scenario.
[bookmark: _Ref235207845]Polarization Characteristics of LOS Ray
Polarization characteristics of the LOS ray are modeled by the polarization matrix HLOS:
	

	[bookmark: ZEqnNum602287]


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.


For the sake of description simplicity, the matrix H given in  does not include the propagation loss factor that should be additionally applied in the simulations as it is described in Section 3.3.1.
[bookmark: _Ref250228712]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. 

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. 

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.
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.


[bookmark: _Ref250238569]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 - 错误!未找到引用源。 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
	

	


where eTX and eRX are the polarization (Jones) vectors for the TX and RX antennas respectively, H is a cluster polarization matrix.

[bookmark: _Ref235100527][bookmark: _Toc361844722]Inter Cluster Parameters for STA-AP Sub-scenario
This section describes statistical models for the inter cluster parameters of the STA-AP sub-scenario.
[bookmark: _Ref235184947]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.
[bookmark: _Toc234832114]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.

[bookmark: _Toc234832118]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. 

[bookmark: _Toc234832119]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). 
[bookmark: _Toc234832116]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.
[bookmark: _Toc234832120][bookmark: _Ref235100637]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).
[bookmark: _Ref251791598][bookmark: _Ref235112765][bookmark: _Ref251713922]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). 

[bookmark: _Toc361844723]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).
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).
[bookmark: _Ref261533616]Polarization Characteristics of First Order Reflections from Walls
[bookmark: _Ref261533619]Polarization Characteristics of Second Order Reflections from Walls
[bookmark: _Ref250239625]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. 
[bookmark: _Ref215552829][bookmark: _Toc223873403][bookmark: _Toc234832123][bookmark: _Toc361844724]Intra Cluster Parameters
In accordance with equation  the structure of the i-th cluster of the channel is written as:
	

	


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.
[bookmark: _Toc223873407][bookmark: _Toc234832124][bookmark: _Ref255306195][bookmark: _Ref261534053][bookmark: _Toc361844725]Channel Model for Cubicle Environment
[bookmark: _Ref254001958][bookmark: _Ref240695937][bookmark: _Ref240695955][bookmark: _Toc223873408][bookmark: _Toc361844726]Modelling Scenario
[bookmark: _Ref253761200]
[bookmark: _Ref253761467][bookmark: _Toc361844727]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.

[bookmark: _Ref254002657][bookmark: _Toc361844728]Inter Cluster Parameters
This section gives description of the statistical models for inter-cluster parameters for the enterprise cubicle environment.
LOS Ray
The LOS ray modelling is similar to the approach introduced for the CR scenario. For more details, see Section 3.3.1.
[bookmark: _Ref261954122]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.
Angular Characteristics for NLOS Clusters
[bookmark: _Ref261534413]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.
 
[bookmark: _Ref254098947][bookmark: _Toc361844729]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).
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).
[bookmark: _Ref261534419]Polarization Characteristics of First Order Reflections from Office Walls

Polarization Characteristics of First Order Reflections from Cubicle Walls

Polarization Characteristics of First Order Reflection from Table

[bookmark: _Ref261534424]Polarization Characteristics of Second Order Reflection from Table and Ceiling

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 3.4.6.

[bookmark: _Ref254098973][bookmark: _Toc361844730]Intra Cluster Parameters
[bookmark: _Toc361844731]Living Room Channel Model
[bookmark: _Ref246087401][bookmark: _Toc361844732]Modelling Scenario
[bookmark: _GoBack]Home living room is one of the three simulation scenarios defined by the EVM [2].
[bookmark: _Ref240447458][bookmark: _Toc361844733]Model Development Methodology
This section describes the methodology used to develop a channel model for the home living room environment. 

[bookmark: _Ref240447470][bookmark: _Toc361844734]Inter Cluster Parameters
This section gives description of the statistical models for inter-cluster parameters for the home living room environment.
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.
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.

[bookmark: _Ref240693045]Angular Characteristics for First Order Reflection from Walls

Angular Characteristics for First Order Reflections from Ceiling and Floor

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.

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


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

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).
[bookmark: _Ref240693519]Probabilities of Clusters Blockage

[bookmark: _Ref240693674][bookmark: _Toc361844735]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).
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).
Polarization Characteristics of First Order Reflections from Walls

Polarization Characteristics of Second Order Reflections from Walls

Polarization Characteristics of Second Order Reflections from Ceiling and Floor

Polarization Characteristics of Second Order reflections from Walls and Ceiling (Floor)

Statistical Properties of Reflection Loss Coefficients for Different TX and RX Antennas Polarizations and Different Types of Clusters

[bookmark: _Ref240693615][bookmark: _Toc361844736]Intra Cluster Parameters
For modelling intra cluster distributions the same approach developed in Section 3.7 for conference room environment is applied.
[bookmark: _Ref215923405][bookmark: _Toc223873409][bookmark: _Toc234832126][bookmark: _Ref255567316][bookmark: _Toc361844737]Antenna Models
[bookmark: _Ref215918417][bookmark: _Ref216073467][bookmark: _Ref216102809]This section provides a description of reference antenna models that may be used together with the channel model. The reference antenna models were developed to demonstrate the application of the channel model in simulations of 45 GHz communication systems with steerable directional antennas. 
Two antenna models are developed together with the given channel model. These are isotropic radiator, fan-beam antenna. Different types of antenna models with different parameters (e.g. beamwidths) may be used in the simulations. The two 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.
[bookmark: _Ref250239524][bookmark: _Toc361844738]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  and  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  is given as follows:

	 	
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  is given as follows

		


where  and  are antenna gain functions (supporting polarization characteristics) for TX and RX antennas respectively.

Note that the antenna gain function  is changed when antenna changes its spatial orientation. Therefore, the channel impulse response also depends on the antenna pattern spatial orientation.
[bookmark: _Toc222222661][bookmark: _Toc223873411][bookmark: _Toc234832127][bookmark: _Toc361844739]Isotropic Radiator
The simplest type of the antenna model is an isotropic radiator [6]. 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.

[bookmark: _Toc361844740]Fan-Beam Radiator
The second type of the antenna model is a fan-beam radiator. This model has a fan antenna pattern that illuminates signal rays in a fan shape area at the transmitter and combines all rays coming from a given fan shape area at the receiver.
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[bookmark: _Toc361844741]MIMO Matrix Formulation
We follow the MIMO modeling approach presented in [10], [11] that utilizes receive and transmit correlation matrices. The MIMO channel matrix H for each tap, at one instance of time, in the A-F delay profile models can be separated into a fixed (constant, LOS) matrix and a Rayleigh (variable, NLOS) matrix (4 transmit and 4 receive antennas example) 


		

where Xij (i-th receiving and j-th transmitting antenna) are correlated zero-mean, unit variance, complex Gaussian random variables as coefficients of the variable NLOS (Rayleigh) matrix HV, exp(jij) are the elements of the fixed LOS matrix HF, K is the Ricean K-factor, and P is the power of each tap. We assume that each tap consists of a number of individual rays so that the complex Gaussian assumption is valid. P in (3) represents the sum of the fixed LOS power and the variable NLOS power (sum of powers of all taps).

To correlate the Xij elements of the matrix X, the following method can be used 

	 	
where Rtx and Rrx are the receive and transmit correlation matrices, respectively, and Hiid is a matrix of independent zero mean, unit variance, complex Gaussian random variables, and 

	 	


where  are the complex correlation coefficients between i-th and j-th transmitting antennas, and  are the complex correlation coefficients between i-th and j-th receiving antennas. An alternative approach uses the Kronecker product of the transmit and receive correlation matrices (Hiid is an array in this case instead of matrix) 

	 	

[bookmark: _Toc361841750]Following is an example of 4 x 4 MIMO channel transmit and receive correlation matrices 	 	
The complex correlation coefficient values calculation for each tap is based on the power angular spectrum (PAS) with angular spread (AS) being the second moment of PAS [12], [13]. Using the PAS shape, AS, mean angle-of-arrival (AoA), and individual tap powers, correlation matrices of each tap can be determined as described in [13]. For the uniform linear array (ULA) the complex correlation coefficient at the linear antenna array is expressed as

	 	

where , and RXX and RXY are the cross-correlation functions between the real parts (equal to the cross-correlation function between the imaginary parts) and between the real part and imaginary part, respectively, with  

	 	
and 

	 	
Expressions for correlation coefficients assuming uniform, truncated Gaussian, and truncated Laplacian PAS shapes can be found in [13]. To calculate the numerical values of correlation matrices we use a Matlab program developed and distributed by L. Schumacher [14] (see Sec. 6).

Next we briefly describe the various steps in our cluster modeling approach. We 

· Start with delay profiles of models B-F. 
· Manually identify clusters in each of the five models.
· Extend clusters so that they overlap, determine tap powers (see Appendix A).
· Assume PAS shape of each cluster and corresponding taps (Laplacian).
· Assign AS to each cluster and corresponding taps.
· Assign mean AoA (AoD) to each cluster and corresponding taps. 
· Assume antenna configuration.
· Calculate correlation matrices for each tap.

[bookmark: _Toc234832134][bookmark: _Toc361844742]Path Loss
[bookmark: _Toc234832135][bookmark: _Toc361844743]Path Loss Modeling
Sections 2 – 4.1 provide description of the general structure of the 45 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. 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. 

[bookmark: _Toc234832136][bookmark: _Ref250239554][bookmark: _Ref250468872][bookmark: _Ref251791164][bookmark: _Toc361844744]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. 

[bookmark: _Toc234832139][bookmark: _Ref255306323][bookmark: _Toc361844745]Path Loss Model for Cubicle Environment
This section presents path loss model for the enterprise cubicle for LOS and NLOS propagation environments. 

[bookmark: _Toc234832140][bookmark: _Ref251252551][bookmark: _Ref251791171][bookmark: _Toc361844746]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. 

[bookmark: _Toc234832141][bookmark: _Ref250239575][bookmark: _Ref250239585][bookmark: _Ref251791174][bookmark: _Toc361844747]Path Loss Model Summary
The characteristics of the 45 GHz WLAN propagation channel complicate the development of the independent path loss model. However, if antenna system parameters are fixed then it is possible to derive an average path loss model using the standard form:
	
.
	


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.

[bookmark: _Ref251791831][bookmark: _Toc361844748]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 needs to be developed.
[bookmark: _Ref251347380][bookmark: _Ref251347350]Table 2. Human induced shadow fading model parameters
	Parameter
	Distribution 

	tD[s]
	Weibull ( = , k =  )

	tdecay,3dB[s]
	Weibull( = , k =  )

	trise,3dB[s]
	Weibull ( = , k =)

	Amean[dB]
	Gaussian ( = ,  =)


[bookmark: _Toc234832143][bookmark: _Toc361844749]
References

[1] [bookmark: _Ref235022260][bookmark: _Ref215296933][bookmark: _Ref216100772][bookmark: _Ref222474568][bookmark: _Ref361843677]G.J. Foschini and M.J. Gans, “On the limits of wireless communications in a fading environment when using multiple antennas,” Wireless Personal Communications, vol. 6, March 1998, pp. 311-335.
[2] [bookmark: _Ref361844093]IEEE doc. 802.11-12/1382r2. IEEE 802.11aj Evaluation Methodology, X. M. Peng et al., Apr. 24, 2013.
[3] [bookmark: _Ref235022688][bookmark: OLE_LINK1][bookmark: OLE_LINK2]IEEE doc. 802.11-03/940r4, TGn channel models, V. Erceg et al., May 5, 2004.
[4] IEEE doc. 802.11-09/0334r8, Channel models for 60 GHz WLAN systems, A. Maltsev et al., May 20, 2010.
[5] [bookmark: _Ref235073285]IEEE doc. 802.11-09/0431r0. Polarization model for 60 GHz, A. Maltsev et al, April 2, 2009.
[6] [bookmark: _Ref222735972]IEEE Std 145-1993. IEEE Standard Definitions of Terms for Antennas, March 18, 1993
[7] [bookmark: _Ref216007022]Spatial channel model text description, SCM text v.7.0, Spatial channel model AHG (combined ad-hoc from 3GPP&3GPPs), Aug. 19, 2003.
[8] [bookmark: _Ref216007142]C.A. Balanis, Antenna Theory. New Jersey: Wiley, 2005.
[9] [bookmark: _Ref222735598]M. J. Lee, I. Song, S. Yoon, and S. R. Par, “Evaluation of directivity for planar antenna arrays,” IEEE Antennas Propagat. Mag., vol. 42, no. 3, June 2000
[10] [bookmark: _Ref361840134]J.P. Kermoal, L. Schumacher, P.E. Mogensen and K.I. Pedersen, “Experimental investigation of correlation properties of MIMO radio channels for indoor picocell scenario,” in Proc. IEEE Veh. Technol. Conf., Boston, USA, vol. 1, Sept. 2000, pp. 14-21.
[11] [bookmark: _Ref361840136]L. Schumacher, K. I. Pedersen, and P.E. Mogensen, “From antenna spacings to theoretical capacities – guidelines for simulating MIMO systems,” in Proc. PIMRC Conf., vol. 2, Sept. 2002, pp. 587-592.
[12] [bookmark: _Ref361843116]J. Salz and J.H. Winters, “Effect of fading correlation on adaptive arrays in digital mobile radio,” IEEE Trans.  Veh. Technol., vol. 43, Nov. 1994, pp. 1049-1057.
[13] [bookmark: _Ref361843104]L. Schumacher, K. I. Pedersen, and P.E. Mogensen, “From antenna spacings to theoretical capacities – guidelines for simulating MIMO systems,” in Proc. PIMRC Conf., vol. 2, Sept. 2002, pp. 587-592.
[14] [bookmark: _Ref361843211]L. Schumacher “WLAN MIMO Channel Matlab program,” download information: http://www.info.fundp.ac.be/~lsc/Research/IEEE_80211_HTSG_CMSC/distribution_terms.html
oleObject1.bin

image2.wmf
(

)

(

)

()()()()()()()

,,,,,,,,

iiiiiii

txtxrxrxtxtxtxtxrxrxrxrx

i

tCtT

fqfqfqfq

=--F-Q-F-Q

å

hH


oleObject2.bin

image3.emf


E



E

r

q

φ

x

y

z

k


oleObject3.bin
q


φ


x


y


z



image4.wmf
1

0

æö

ç÷

èø


oleObject4.bin

image5.wmf
0

1

æö

ç÷

èø


oleObject5.bin

image6.wmf
1

1

2

j

æö

ç÷

èø


oleObject6.bin

image7.wmf
1

1

2

j

æö

ç÷

-

èø


oleObject7.bin

image8.wmf
H

RXTX

yx

=

eHe


oleObject8.bin

image9.emf
Reflection surface

TX

RX

Incident plane

LOS



E



E

n

r– direction of wave propagation

n– normal to the incident plane

inc



tx



k




image10.wmf
(

)

(

)

(

)

(

)

(

)

(

)

(

)

(

)

(

)

1

1

2||

 

  

 

cossincossin

sincossinco

inc

rxrxtxtx

ref

inc

rxrxtx

recalculation

reflection

ofpolarization

matrix

vectorfromthe

planeofincidencebasis

toRXcoordinates

R

R

ax

yyyy

xa

yyy

^

éù

éù

=´´

êú

êú

--

ëû

ëû

R

H

14444244443

144424443

(

)

  

s

tx

recalculation

ofTXpolarization

vectortotheplane

of incidencebasis

y

éù

êú

ëû

14444244443


oleObject9.bin

image11.wmf
(

)

(

)

(

)

(

)

(

)

(

)

(

)

(

)

(

)

(

)

(

)

(

)

(

)

(

)

(

)

(

)

21

2

2||2

2

11

2||1

1

cossin

sincos

cossin

cossin

sincos

sincos

inc

rxrx

ref

inc

rxrx

ndreflection

pp

inc

txtx

inc

txtx

pp

streflection

R

R

R

R

ax

yy

xa

yy

yy

ax

yy

xa

yy

yy

^

^

éù

éù

=´

êú

êú

-

ëû

ëû

éù

éù

éù

êú

´´´

êú

êú

-

êú

-

ëû

ëû

ëû

H

14444244443

14444244443


oleObject10.bin

image12.emf
Start channel 

impulse 

response 

generation

Generate all 

possible 

clusters and 

inter cluster 

parameters

Model input 

parameters

Block part of 

the clusters

Generate 

intra cluster 

parameters

Amplitude, time, 

and angular 

characteristics for 

all possible 

clusters

Apply 

antenna 

models

Convert to 

discrete time 

and 

normalize if 

needed

Finish 

impulse 

responses

generation

Amplitude, time, 

and angular  

parameters for 

available (non-

blocked) clusters

Amplitude, 

phase, angular 

and time 

parameters for all 

rays of the 

channel

Amplitude, 

phase, and time 

parameters for all 

rays of the 

channelsafter 

application of 

antenna models

Channel impulse 

responsesfor the 

specified sample 

rate


oleObject11.bin
Start channel impulse response generation


Generate all possible clusters and inter cluster parameters


Model input parameters


Block part of the clusters


Generate intra cluster parameters


Amplitude, time, and angular characteristics for all possible clusters


Amplitude, time, and angular  parameters for available (non-blocked) clusters


Apply antenna models


Convert to discrete time and normalize if needed


Finish impulse responses generation


Amplitude, phase, angular and time parameters for all rays of the channel


Amplitude, phase, and time parameters for all rays of the channels after application of antenna models


Channel impulse responses for the specified sample rate



image13.wmf
(0)

4

d

A

l

p

=


oleObject12.bin

image14.wmf
2

4

rxtxrxtx

PGGP

d

l

p

æö

=

ç÷

èø


oleObject13.bin

image15.wmf
()

()

,with

4()

i

i

Rct

dR

g

A

l

p

=×

+

=


oleObject14.bin

image16.wmf
1

2||

R

R

x

x

^

éù

=

êú

ëû

R


oleObject15.bin

image17.wmf
(

)

(

)

0

0

sin

sin

inc

inc

R

aa

aa

^

-

=

+


oleObject16.bin

image18.wmf
(

)

(

)

0

||

0

inc

inc

tg

R

tg

aa

aa

-

=

+


oleObject17.bin

image19.wmf
(

)

(

)

1

2

0

arcsinsin

n

inc

n

aa

=×


oleObject18.bin

image20.wmf
1

2

1

1

LOS

x

x

éù

=

êú

ëû

H


oleObject19.bin

image21.wmf
H

RXTX

RL

=

eHe


oleObject20.bin

image22.wmf
(

)

(

)

(

)

(

)

(

)

(

)

()(,)(,)(,)(,)(,)(,)

,,,,

iikikikikikik

txtxrxrxtxtxtxtxrxrxrxrx

k

Ctt

fqfqadtdffdqqdffdqq

=-----

å


oleObject21.bin

image23.wmf
(

)

(

)

(

)

(

)

(

)

22

0000

(),,,,,,sinsin

tRXRXRXTXTXRXRXRXTXTXRXRXRXTXTXTX

htghtgdddd

pppp

fqfqfqfqqqfqqf

=

òòòò


oleObject22.bin

image24.wmf
(

)

(

)

(

)

(

)

(

)

22

0000

(),,,,,,sinsin

H

tRXRXRXTXTXRXRXRXTXTXRXRXRXTXTXTX

httdddd

pppp

fqfqfqfqqqfqqf

=

×

òòòò

ghg


oleObject23.bin

image25.wmf
(,)

TX

j

q

g


oleObject24.bin

image26.wmf
(,)

RX

j

q

g


oleObject25.bin

image27.wmf
(,)

g

j

q


oleObject26.bin

image28.wmf
13

111214

23

212224

31323334

43

414244

11121314

21222324

31323334

41424344

1

11

1

11

FV

j

jjj

j

jjj

jjjj

j

jjj

K

HPHH

KK

XXXX

eeee

XXXX

eeee

K

P

XXXX

KK

eeee

XXXX

eeee

j

jjj

j

jjj

jjjj

j

jjj

æö

=+

ç÷

ç÷

++

èø

æö

éù

éù

ç÷

êú

êú

ç÷

êú

êú

=+

ç

êú

êú

++

ç

êú

êú

ç

êú

ëû

ëû

èø

÷

÷

÷


oleObject27.bin

image29.wmf
[

]

[

]

[

]

[

]

(

)

1/21/2

T

rxiidtx

XRHR

=


oleObject28.bin

image30.wmf
[

]

[

]

txtxij

rxrxij

R

R

r

r

éù

=

ëû

éù

=

ëû


oleObject29.bin

image31.wmf
txij

r


oleObject30.bin

image32.wmf
rxij

r


oleObject31.bin

image33.wmf
[

]

[

]

[

]

{

}

[

]

1/2

txrxiid

XRRH

=Ä


oleObject32.bin

image34.wmf
121314

212324

313234

414243

121314

212324

313234

414243

1

1

1

1

1

1

1

1

txtxtx

txtxtx

tx

txtxtx

txtxtx

rxrxrx

rxrxrx

rx

rxrxrx

rxrxrx

R

R

rrr

rrr

rrr

rrr

rrr

rrr

rrr

rrr

éù

êú

êú

=

êú

êú

ëû

éù

êú

êú

=

êú

êú

ëû


oleObject33.bin

image35.wmf
()()

XXXY

RDjRD

r

=+


oleObject34.bin

image36.wmf
2/

Dd

pl

=


oleObject35.bin

image37.wmf
()cos(sin)()

XX

RDDPASd

p

p

jjj

-

=

ò


oleObject36.bin

image38.wmf
()sin(sin)()

XY

RDDPASd

p

p

jjj

-

=

ò


oleObject37.bin

image39.wmf
(

)

(

)

1010

[dB]20log10log

PLAfnR

=++


oleObject38.bin

image1.wmf
(

)

(

)

(

)

(

)

(

)

(

)

(

)

(

)

()()()()()()()

()(,)(,)(,)(,)(,)(,)

,,,,,,,,

,,,,

iiiiiii

txtxrxrxtxtxtxtxrxrxrxrx

i

iikikikikikik

txtxrxrxtxtxtxtxrxrxrxrx

k

htACtT

Ctt

fqfqfqfq

fqfqadtdffdqqdffdqq

=--F-Q-F-Q

=-----

å

å


