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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. The current revision of this document presents a detailed description and parameters of the channel model for a conference room scenario. The channel model allows for generating a channel realization that includes space, time, amplitude and phase characteristics of all rays comprising this channel realization. The space characteristics of rays include azimuth and elevation angles for both transmit and receive sides. 

Reference antenna models that may be applied to the generated space-time channel realizations are implemented in the channel model and are 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 Scenarios for Channel Modeling

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

3 General Characteristics of Channel Model

3.1 Requirements for Channel Model

The following are requirements of channel models for 60 GHz WLAN systems ‎[2] 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.

3.2 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 polarization impacts and non-stationarity are currently not included.
The channel impulse response function for the channel model 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. In this document all time and angular parameters of the model were treated as virtually time-invariant random variables. The support of time varying channel model will be provided later.

The same general structure of the channel model (1) 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.

3.3 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 1.
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Figure 1. 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 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.

4 Conference Room Channel Model

4.1 Measurements and Modeling Scenarios

The channel model for the conference room environment is based on the experimental results that were partially presented in ‎[3]. 

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 ‎[3].

The measurement scenario corresponds to the channel model scenario where several devices placed on the table in a conference room communicate with each other using LOS communications and first and second order reflections from walls and ceiling.

Reflections from the table were not considered. The reflections from the table 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 conference room (CR) model by introducing the fading effect into the LOS path. But a table channel model would need to be a subject of a separate experimental investigation.

4.2 Model Development Methodology

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

The experimental results demonstrated 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 ‎3.

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. Communicating devices 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.

The first and second order reflections from walls and ceiling were considered. The reflections from the floor were not taken into account as they were assumed to be blocked by the table. The 3D model of the room is schematically shown in Figure 2.
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Figure 2. 3D model of conference room used for ray tracing

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 five groups:

· LOS path

· Four first order (reflected) clusters from four walls;

· One first order cluster from ceiling;

· Four second order clusters from the walls and ceiling. The chosen geometrical positions of 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.

· Eight second order clusters corresponding to reflections from two walls.

Different groups of clusters have different characteristics (e.g. reflections from walls only have zero elevation angle) 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 ‎3.3 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 in Section ‎4.3.8.

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 ‎4.4.

4.3 Inter Cluster Parameters

This subsection gives description of the statistical models for inter cluster parameters.

4.3.1 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)
	(2)


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 (2) 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 (2).

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.

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 cluster group 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 3.
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Figure 3. 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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4.3.3 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 4.
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Figure 4. Example of four clusters corresponding to the first order reflections from walls

The example illustrated in Figure 4 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 take 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 4 (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 4 (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 4 have positive TX azimuth angles but negative RX azimuth angles. Clusters 2 and 3 in Figure 4 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 4), a cluster with the larger absolute value of TX azimuth angle (e.g. cluster 1 in Figure 4) 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 4).

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 4). 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 5 for pairs with positive and negative angles. The pair of angles for cluster A ((A) and angles for cluster B ((B) in Figure 5 may be two positive TX angles and two negative  for clusters 1 and 4 from Figure 4. Also the distribution from Figure 5 is valid for two positive RX angles and two negative TX angles for clusters 2 and 3 from Figure 5.
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Figure 5. 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 5 that there are no first order clusters which are closely spaced in angular domain.

The joint distribution shown in Figure 5 has a complex form and an approximation of this distribution for the channel model is used for simplicity. The distribution shown in Figure 6  (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 5.
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Figure 6. 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.

The 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.

The trapezoidal 2 area is symmetrical to area 1 and is defined by the following equations (all conditions are met simultaneously):
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4.3.4 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 7.

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.

4.3.5 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 7.

The elevation angles are generated using the following equation:
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where all angles are measured in degrees.
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Figure 7. Empirical PDF and approximations for elevation angles of first order reflections from ceiling and second order reflections from walls and ceiling

4.3.6 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 8. 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.


[image: image18.emf]Joint PDF for TX and RX Azimuth Angles 

for 2nd Order Wall Reflections

RX azimuth angle, deg

TX azimuth angle, deg

2 clusters 

from this 

region

2 clusters 

from this 

region

2 clusters 

from this 

region

2 clusters 

from this 

region

Joint PDF for TX and RX Azimuth Angles 

for 2nd Order Wall Reflections

RX azimuth angle, deg

TX azimuth angle, deg

2 clusters 

from this 

region

2 clusters 

from this 

region

2 clusters 

from this 

region

2 clusters 

from this 

region

Joint Distribution for TX and RX Azimuth 

Angles for 2

nd

 Order Wall Reflections


Figure 8. 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].

4.3.7 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
	(13)


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 9 shows histograms of measured reflection losses the first (a) and second (b) order reflection clusters and their approximations by 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 9a and the parameters of distribution for the second order reflection clusters is given in Figure 9b.
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Figure 9. Histograms of measured reflection losses for the first (a) and second (b) order reflection clusters and approximations by Gaussian distributions

4.3.8 Probabilities of Clusters 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 cluster blockage.

Table 1. Probabilities of clusters blockage

	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
	0.1

	Second order reflections from wall and ceiling
	0.3

	Second order reflections from walls
	0.8


The values of probabilities for cluster blockage are selected based on the consideration that in a conference room reflections from walls have a higher probability of being blocked by humans in a conference room than reflections from the ceiling.  Reflections from the ceiling should be available most of the time.

The situation for NLOS simulations when all clusters are blocked has a small but non-zero probability. If all generated clusters are blocked then the empty channel realization is discarded and a new cluster blockage realization is generated.

4.4 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. The individual rays were identified in the time domain, and statistical characteristics including average number of rays, ray arrival rate, and ray power decay rates 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 10. 
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Figure 10. 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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. The number of pre-cursor rays Nf and post-cursor rays Nb was derived from measurements and is fixed in the model as Nf = 2 and Nb = 4. 

Pre-cursor and post-cursor rays are modeled as two Poisson processes with arrival rates λf = 0.2 ns-1 and λb = 0.12 ns-1, respectively. 

The average amplitudes Af and Ab of the pre-cursor and post-cursor rays decay exponentially with power decay times (f = 1.3 ns and (b = 2.8 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 

The total average (over multiple realizations) power of all cluster rays is normalized to one.

The summary of the estimated intra cluster time domain parameters for the conference room channel model are shown in Table 2.

Table 2. Summary of the intra cluster time domain parameters for the conference room channel model

	Parameter
	Notation
	Value

	Pre-cursor rays K-factor
	Kf
	5 dB

	Pre-cursor rays power decay time
	f
	1.3 ns

	Pre-cursor rate arrival rate
	f
	0.20 ns-1

	Pre-cursor rays amplitude distribution
	
	Rayleigh

	Number of pre-cursor rays
	Nf
	2

	Post-cursor rays K-factor
	Kb
	10 dB

	Post-cursor rays power decay time
	b
	2.8 ns

	Post-cursor rate arrival rate
	b
	0.12 ns-1

	Post-cursor rays amplitude distribution
	
	Rayleigh

	Number of post-cursor rays
	Nb
	4


The power delay profiles calculated from the experimental data and the cluster model are shown in Figure 11. As illustrated, the model is well matched to the measurement data. 
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Figure 11. Experimental power delay profile (PDP) of the cluster and PDP obtained with the cluster model

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. 

In the performed experiments the majority of the cluster rays were received within the angle dimension of the antenna pattern that was used (about 170 at 3 dB level). Therefore a 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.
5 Channel Model for Cubicle Environment

TBD
6 Living Room Channel Model

TBD
7 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.

7.1 Isotropic Radiator

The simplest type of the antenna model is an isotropic radiator ‎[5]. 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 can not 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.

7.2 Basic Steerable Directional Antenna Model

7.2.1 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. ‎[6], ‎[7]) 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 ‎[6], ‎[8]. 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 distribution 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 (17) 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 ‎[8], ‎[9]:
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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 (19)
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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 12 shows antenna patterns of the proposed antenna model as a function of elevation angle for 3 dB beamwidth equal to 150, 300 and 600.
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Figure 12. Antenna patterns of the basic antenna model for different values of (-3dB
Figure 13 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 13. 3D antenna pattern for (-3dB = 300

7.2.2 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 14. 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 14. 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 Z-axis, the second by the 
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 around the Xr-axis and the third is by an angle 
[image: image47.wmf]r

y

 around the Zr-axis. The Euler’s rotation transformations are illustrated in Figure 15.
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Figure 15. 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 15 is in accordance with order of multiplications in (25). 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 (29) falls within the main lobe of the antenna pattern, the antenna gain is calculated by substituting the elevation angle value into equation (19).  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.

7.3 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.

7.3.1 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 16.
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Figure 16. 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 ‎7.2.2 above.

7.3.2 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 ‎[5]. 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 ‎[9]. 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 17.
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Figure 17. 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 ‎[5] is equal to the following ratio:

	
[image: image61.wmf](

)

(

)

(

)

(

)

ò

ò

×

=

p

p

p

j

q

q

j

q

j

q

j

q

2

0

2

/

0

4

1

sin

,

,

,

d

d

U

U

D

,
	(30)


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:
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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 16). 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 (31) can be represented as a product of two factors:
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The second multiplier in (33) 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 (33) is reduced to
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For the given geometry of a planar array, equation (34) 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:
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where phase shift 
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 in (32). 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 ‎[10], ‎[11] 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 (37) allows rapid machine calculation of directivity distribution (30) 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 18 shows the degradation of directivity corresponding to maximum radiation intensity as a function of elevation scan angle 
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Figure 18. 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 18 directivity capabilities of a planar phased array closely depends on spatial beam position. Directivity decreases as elevation angle 
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increases. In addition, the roll off factors for degradation curves are different for different azimuth directions.

Figure 19 shows 3D directivity patterns for a 6x6 planar phased array corresponding to different elevation scan angles 
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Figure 19. 3D directivity radiation patterns for 6x6 planar phased array for two values of elevation scan angles

8 Path Loss

8.1 Path Loss Modeling

Sections ‎3 – ‎6 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 (13). 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 ‎3 – ‎6 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. 
8.2 Path Loss Model for Conference Room

This section presents path loss models for the conference room environment with LOS and NLOS scenarios.
The path loss models are developed using the basic steerable directional antenna model from Section ‎7 with beamwidths from 100 to 600 and a beamforming algorithm adjusting TX and RX antennas along the ray (cluster) with a maximum power.
For each scenario, 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.
8.2.1 LOS Scenario

To develop a path loss model for the LOS scenario, the basic steerable antenna model and the maximum ray beamforming algorithms were used. The instantaneous path loss values were generated using statistical channel model for different TX and RX locations. Averaging over 10000 channel realizations was performed to calculate average path loss values for each TX-RX separation distance.

Figure 20 shows an average path loss as a function of distance for the conference room environment with the LOS scenario. 
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Figure 20. Average path loss vs. distance for the LOS scenario
It was estimated from Figure 20 that curve may be well approximated by the r2 law, where r is the TX-RX separation distance. Additionally, it was verified that similar curves for other antenna beamwidths in the range from 100 to 600 match each other very closely (within 0.1 dB) and may be approximated by the same polynomial law.
To calculate the deviation of instantaneous path loss from the average value, the histogram of instantaneous path loss realizations for the conference room LOS scenario, the TX-RX separation equal to 2 m, and 300 antenna beamwidth is plotted in Figure 21.
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Figure 21. Histogram of path loss realizations for LOS scenario
It may be seen from Figure 21 that for LOS 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 of the LOS scenario since all LOS realizations of the channel with the same distance will have the same path loss.

Based on the obtained simulation results a simple path loss model may be proposed for LOS 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 LOS scenario, since instantaneous path loss realizations are always very close to the average value given by (38).
The value of ALOS is specific for the selected type of antenna and beamforming algorithm. ALOS depends on the antenna beamwidth, but for the considered beamwidth range from 100 to 600, the variation was found to be negligible (< 0.1 dB).
To verify (38), Figure 22 shows simulated path loss values using statistical channel model, path loss formula (38) and experimental path loss values measured in the conference room environment with 170 beamwidth directional antennas steered along the LOS path. (The conference room experiments description may be found in ‎[3]).
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Figure 22. Comparison of simulated path loss using statistical channel model, path loss formula (38) and experimental path loss values for the LOS scenario
It may be seen that the proposed path loss model (38) is well matched to both the statistical conference room channel model and experimental data.
8.2.2 NLOS Scenario

A procedure, similar to that used in the LOS scenario, was applied to develop a path loss model for the NLOS scenario in the conference room environment. As for the LOS scenario, the basic steerable directional antenna model with beamwidths from 100 to 600 and the beamforming algorithm adjusting TX and RX antennas along the ray with maximum power were used.
Figure 23 shows an average path loss as a function of distance for the conference room environment with the NLOS scenario. The average path loss values in Figure 23 were calculated by averaging over 10000 path loss values obtained with the conference room statistical channel model for each TX-RX separation distance. The average path loss curves are plotted for different antenna beamwidths from 100 to 600 in 100 steps.
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Figure 23. Average path loss vs. distance for the NLOS scenario
Figure 23 shows that the path loss curves for different antenna beamwidths follow close to each other (within 1 dB) for all TX-RX distances. Thus, the dependence of the path values on the antenna beamwidth 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 calculate the deviation of instantaneous path loss from the average value, the histogram of instantaneous path loss realizations for the conference room NLOS scenario, the TX-RX separation equal to 2 m, and 300 antenna beamwidth is plotted in Figure 21.
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Figure 24. Histogram of path loss realizations for NLOS scenario and the log-normal approximation
It may be seen from Figure 24 that for the NLOS scenario the variance of path loss is significant and shadow fading model should be introduced. Figure 24 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 NLOS scenario.
Figure 25 shows the shadow fading standard deviation in dB as a function of the TX-RX separation distance plotted for different antenna beamwidths.
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Figure 25. Standard deviation of shadow fading for the NLOS scenario as a function of distance
The results in Figure 25 show that the standard deviation  of the path loss slightly depends on the TX – RX separation distance but approximately may be taken equal to 3.3dB for all distances.  

Additionally, Figure 25 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 NLOS 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 antenna beamwidth, but for the considered beamwidth range from 100 to 600 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 (39), Figure 26 shows simulated path loss values using statistical channel model, path loss formula (39) and experimental path loss values measured in the conference room environment with 170 beamwidth directional antennas steered along the most powerful NLOS signal cluster. (The conference room experiments description may be found in ‎[3]).
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Figure 26. Comparison of simulated path loss using statistical channel model, path loss formula (39) and experimental path loss values for the NLOS scenario
It may be seen that the proposed path loss model (39) is well matched to both the statistical conference room channel model and experimental data.
8.3 Path Loss Model for Cubicle Environment

TBD
8.4 Path Loss Model for Living Room

TBD

8.5 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 (40). SF standard deviation ( is specific for the scenario and antenna system parameters.

The path loss model parameters for the conference room scenario, basic steerable antenna model and maximum ray power beamforming algorithm are shown in Table 3.
Table 3. Path loss model parameters
	Scenario
	A, dB
	n
	SF std. dev., dB

	Conference room LOS
	32.5
	2.0
	0

	Conference room NLOS
	51.5
	0.6
	3.3
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Abstract


Description of channel models for 60 GHz Wireless Local Area Networks (WLANs) systems based on the results of experimental measurements.
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