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1. Introduction
Multiple antenna techniques in wireless cellular systems have received substantial interest during the two last decades. Support for such techniques in the form of MIMO and beamforming is included in LTE from its very first release. Although reality is obviously three-dimensional, focus in previous investigations in 3GPP has solely been on one-dimensional antenna array structures and on propagation in a two-dimensional azimuthal plane. These may be reasonable simplifications in standardization as long as deployments consist of macro base stations above rooftops with rather large cells and techniques almost entirely refrain from exploiting the elevation domain. However, the increased focus on smaller cells using low power nodes with below rooftop deployments as well as recent developments in the area of active antenna systems (AAS) clearly calls for a need to enhance and extend present channel models to properly take the elevation domain into account as well as the impact on channel properties of more recent heterogeneous deployment types.
The elevation domain can be exploited to various degrees. Fixed down-tilt represents a classical, and perhaps the simplest, use case. Sectorization along the elevation domain is also a possibility while latest advances in the area of AAS promises substantially increased control of phase and amplitude of the individual subelements along the columns of conventional antenna arrays as well as within more generic two-dimensional array structures. A picture of the subelements of a conventional single column 2 Tx cross-pole can be seen in Figure 1.
[image: image1.emf]one column of 

subelements


Figure 1: A 2 Tx cross-pole with its constituent subelements in the vertical domain exposed.
This contribution discusses modifications to current commonly used models in 3GPP for system level evaluations to better handle three-dimensional propagation for new transmission strategies in elevation domain, smaller cells and heterogeneous deployments types in an urban environment. As a basis for the modifications we use the ITU-R based channel models and the 3D antenna calculations as given by Annex B and A2.1.6, respectively, in [1]  Such a starting point is also in line with the formulations in the SID [2] .

2. 3D Computations for Channel Coefficient Generation
The ITU-R based channel models are ray based where each ray represents a propagation path from a transmitting antenna s to a receiving antenna u. Each channel coefficient 
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 is the result of summation of multiple such propagation paths according to the expression in (20) in Section B.1.2.2.1 of [1] . So far the formula explicitly only deals with propagation in the azimuth plane, i.e., calculations are in 2D. This is clearly not sufficient for the purpose of modeling also the elevation domain. Although the use of the 3D antenna calculations in Section A2.1.6 of [1]  makes it probable that many implementations of channel coefficient generation already perform the necessary 3D calculations, it is nevertheless useful to explicitly state the formula for true 3D calculations. Similar to what was proposed in [3] , the mentioned formula (20) for channel coefficient generation should be modified to account for directions in three dimensions to arrive at
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are the vectors providing the direction of departure and the direction of arrival, respectively, of a wave traveling from the transmitter to the receiver,
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is the velocity vector for the receiver, 
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 are the azimuthal and elevation angles of departure, respectively, and 
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 are the corresponding angles of arrival. Note that by definition it is assumed that the arrival angles
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points towards the arriving wave.  
3. Existing Approaches to Introducing Elevation Angular Spread
The 3D channel coefficient generation formula relies on knowledge of direction of arrival and departure of propagation paths in three dimensions. In the present ITU-R based channel models, all propagation paths are assumed to reside in a single two-dimensional plane, either the azimuth plane, if the specifications are read literally, or in the line-of-sight plane for an obvious, but not necessarily realistic generalization.  The latter approach corresponds to generating direction of departures/arrivals with zero angular spread around the LOS direction in the elevation domain. This is not realistic for NLOS propagation paths for which measurements show that the radio waves experience a spread of elevation angles [4] . 
Observation

· Assuming zero elevation angular spread around the 3D LOS direction is not a realistic model

It may be tempting to introduce elevation spread by on top of the LOS direction simply add an elevation angle offset drawn from some stochastic distribution, such as a truncated Gaussian or Laplace with a fixed standard deviation. But also this approach is unrealistic as it ignores the fact that elevation angles for the different path clusters are strongly dependent on transmitter and receiver positions as well as the locations of buildings. For example, in an urban environment with the transmitter above the rooftops and the receiver far away, the radio waves tend to propagate above the rooftops and then diffract down to the receiver from a building in the vicinity of the receiver, this is illustrated in Figure 2. If the transmitter is above but close to the rooftops, it is easy to understand that the elevation angle of departure is more or less fixed and close to the horizon for all receiver positions that are at least moderately far away. This is also in line with the observations and model proposals in WINNER/WINNER+ where the elevation angle seems to have a fixed median value with some small spread [5] 

 REF _Ref346138383 \n \h 
[6] . In other words, for that very special situation, the elevation angles of departure are highly independent of the receiver positions and in particular on the LOS directions, rendering the fixed angular spread around LOS approach unrealistic.
Observation

· Propagation is close to the horizontal plane for the special case of transmitters placed above rooftops and the receiver sufficiently far away

· All elevation angles are close to the horizon and angular spread is small
[image: image13.emf]
Figure 2: In urban environment with the transmitter above rooftop and far away from the receiver, propagation is mainly above rooftops followed by diffraction down to the receiver from a nearby building. Elevation angles are all close to the horizon and fairly independent of UE position.

But using a fixed median elevation angle and fixed elevation angular spread along the lines of WINNER/WINNER+ clearly only represents a very special case corresponding to a long transmitter to receiver distance with the transmitter above the rooftops and where the dominating propagation paths are above rooftops. Obviously this is neither a realistic model for receivers close to the transmitter nor a realistic model for the important case of transmitters placed below rooftops where signals travel mainly along streets in addition to above rooftops. 
Observation

· A fixed median elevation angle and fixed elevation angular spread approach similar to as in WINNER/WINNER+ is insufficient to capture the rich characteristics of the elevation domain

3.1. Modeling two Main Paths of Propagation in a Simplified Manner
Angular spread in elevation domain arises primarily because the signal propagates along two widely different main paths. One main path is below rooftops around buildings and the other path is above rooftops. This is seen in channel measurements as depicted in Figure 3.
Observation

· Elevation angular spread arises mainly because signals propagate along two different main paths – around buildings below rooftops and above rooftops
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Figure 3: View from base station showing directions of departure along two main paths – above rooftops and around buildings.
In [4], we describe channel measurements used to devise modifications to existing SCM/ITU ray based channel models to take the mentioned above rooftop as well as around building propagation into account. The basic concept makes use of the observation from the measurements that the likelihood for a path cluster to arise from above rooftop propagation increases with decreasing path gain since the resulting diffraction of signals towards the UE tends to lead to a relative strong attenuation. Two different elevation of departure angles are determined; one in the base station to UE plane and another in the base station to clutter plane. This model is described in more detail in our companion contribution [7] which also compares the system level performance of elevation beamforming for three different channel model approaches:

1. Zero elevation angular spread around 3D LOS direction
2. Stochastic elevation angular offset around 3D LOS direction with a constant elevation angular spread

3. Assuming propagation above rooftops and around buildings according to [4] 
The evaluations show that the gains of elevation beamforming are highly dependent on the channel model approach, thus highlighting the importance of developing accurate channel models to arrive at correct conclusions in 3GPP. 
Proposal

· Model signals propagating outdoor along two main propagation paths – around buildings and above rooftops

[image: image15.emf]
Figure 4: Propagation above rooftops and around buildings from a low power node below rooftops.

4. Generalized Modeling of Two Main Propagation Paths

Although the above described simplified model of propagation along two main propagation paths is significantly more promising than previous models, as indicated by the reception of a best paper award for [4] , it is not sufficiently flexible to cover all the scenarios that should be covered. In general, and as pointed out in our companion contribution [8] about scenarios, 3GPP should develop a model that works for general base station heights, general building heights, and general UE heights, of course within reasonable intervals. This implies that the channel model should not distinguish between the type of transmitter/receiver (e.g. base station or UE), and only the position in three dimensions of the transmitter/receiver should determine the propagation characteristics. Consequently, it is desirable to make a channel model which in this sense exhibits as reciprocal characteristics as possible.
Proposal
· Develop a channel model that works for general BS heights, general building heights and general UE heights
· Strive for making channel properties reciprocal, i.e., the channel model does not depend on whether a tx/rx is a UE or base station and hence the propagation is similar

· Modeling of elevation angles is determined by the 3D position of, and the environment around, the tx/rx (which can be either a base station or a UE) and not on the type of device
As previously mentioned, angular spread in elevation domain is due to propagation along two widely different main propagation paths. One main path is around buildings below rooftops following the canyons formed by the streets and the other path is above rooftops. The contributions to the received power from these two different main paths are typically different; they have very different path loss characteristic as evidenced by the substantial difference in path loss model between ITU-R UMa (mainly above rooftops) and ITU-R UMi (mainly below rooftops, implying around buildings). Needless to say, the distribution of power in the angle domain is obviously important and we thus need to model the propagation along at least these two different main paths.
Observation

· Above rooftop and around building propagation have different path loss characteristic
· Signals propagating around buildings tend to spread around the directions formed by the streets rather than around the LOS direction as in present models
Proposal
· Separately model signals propagating outdoor along the two main paths – around buildings and above rooftops

· Outdoor around building propagation can be based on the UMi model

· Outdoor above rooftop propagation can be based on the UMa model

· Combine the two main propagation paths into one channel model

· Model that signals propagating around buildings tend to have angular spread around the street directions rather than around the LOS direction
The ITU-R based channel models decompose the propagation into a number of cluster of scatterers, where a cluster typically corresponds to one channel tap in the generated time-continues channel impulse response, i.e., a cluster tends to have a unique time delay
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and spatially well-confined unique sets of AoDs and AoAs. An NLOS cluster should correspond to one of the two types of main propagation paths. Consequently, the elevation angle and also the cluster powers may vary greatly from one cluster to the next. This appears to be a natural way to achieve angular spread in the elevation domain. 
A basic concept could entail generating UMi and UMa based clusters separately and then compute channel coefficients for the union of all UMi and UMa clusters. This would correspond to a superposition of the signals along the two main propagation paths in line with the superposition that occurs in reality, thereby preserving the difference in received power over the two main paths. On the other hand, such a straightforward union of clusters approach would roughly double the number of clusters and hence substantially increase the computational complexity in the channel model. To avoid such increases in computational complexity schemes that select a subset of the UMi and UMa clusters, while roughly preserving relative power difference between the two paths, could be introduced.

Observation

· The ITU based channel models decompose the propagation into a number of clusters each with a unique time delay
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and unique and spatially well-confined sets of AoDs and AoAs
Proposal
· A NLOS cluster corresponds to one of the two main propagation paths; either to above rooftop propagation or to around building propagation

· UMi and UMa based clusters are generated separately and the channel impulse response is obtained as the union of all clusters

· Consider schemes for pruning clusters to maintain the same number of clusters as in current 2D channel models

· Strive to preserve difference in path gain of the two main paths
5. Modeling of LOS/NLOS
Current ITU-R based channel models utilize a stochastic model for determining LOS conditions. Unlike shadowing, delay spread, angular spread and k-factor, there is however no spatial correlation in the selection of LOS/NLOS condition. In other words, two receivers can be arbitrary close to each other and still they would have completely statistically independent LOS/NLOS states. Clearly this is not realistic and it means that the LOS/NLOS conditions for a group of UEs in close vicinity of each other varies much more than in reality. But there are more problems with the present LOS/NLOS modeling. One issue with the present modeling approach is that it leads to discontinues jumps in path loss when a hard selection between path loss for LOS and NLOS is made (see Table B.1.2.1-1 in [1] ) while reality is necessarily continues. Another issue is that the LOS/NLOS modeling is presently independent of transmitter/receiver height. Clearly, from geometrical reasoning it can be deduced that the probability that a UE experiences LOS should depend on its height. 
Observation

· Current ITU-R based channel models lack realism in that they

· provide no spatial correlation in the selection between LOS or NLOS
· two receivers close to each other have statistically independent LOS/NLOS states leading to unwarranted changes of LOS/NLOS state over different geographical locations
· path loss level exhibits abrupt discontinuous jumps over geographical locations
· LOS/NLOS modeling is independent of transmitter/receiver and building height
With present LOS/NLOS modeling, two UEs could for example reside on the same floor and close to the same wall of a building yet have different LOS/NLOS realizations to the wall. This would clearly be misleading when investigating performance of elevation beamforming and FD-MIMO. As can be seen from Table B.1.2.2.1-4 in [1] , LOS/NLOS affects departure and arrival angles so inaccurate LOS/NLOS modeling means that also AoDs and AoAs become inaccurate. Needless to say, such unrealistic modeling is particularly undesirable in contexts where techniques for exploitation of spatial properties are considered.

Observation

· LOS/NLOS state affects AoDs and AoAs as evident from existing ITU-R models (c.f., Table B.1.2.2.1-4  in  [1] )

· Important to improve LOS/NLOS modeling for correctly assessing performance of techniques exploiting 3D propagation
Proposal
· Introduce spatial correlation when selecting between LOS or NLOS state
· Remove discontinues jumps in path loss level over geographical locations due to switching of LOS/NLOS state
· LOS/NLOS modeling is made dependent of transmitter/receiver and building height
6. Path Loss Models
The path loss formulas for current ITU-R based channel models are not sufficiently flexibly to meet the requirement on general transmitter/receiver and building heights. For example, from Table B.1.2.1-1 in [1] we see that the NLOS UMi model for Manhattan grid is hard coded for a base station height of 10 m and a UE height of 1.5 m. We also see that UMa has rather restrictive ranges, particularly for UE height which spans 1 to 10 meters. Extrapolating the path loss formula beyond the supported range of UE height leads to path loss that varies with UE height according to Figure 5. The shapes of the curves are seen to not be well-matched to reality – for UE heights above the building height, the decrease in path loss should flatten out and there should be a smooth transition towards line-of-sight path loss in order to avoid discontinuities in the path loss level over increasing UE height. Instead, with the current extrapolated formula the path loss continues to reduce with increasing UE height. Note that the same problematic height dependence occurs also with respect to base station height.

Observation

· Current path loss models are valid for an insufficient and very limited range of base station, UE and building heights

· Attempting to extrapolate the path loss model for UMi beyond the specified limited interval unrealistically leads to ever decreasing path loss with increasing UE (base station) height

· As UE height increases beyond building height path loss should smoothly approach LOS path loss 

Proposal

· Extend path loss models to cover more general base station , UE and building heights

· Consider modifying path loss formulas for more realistic height dependence and smooth transition to LOS path loss
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Figure 5: Curves over how the height dependent part in the UMa NLOS path loss formula depends on UE height when extrapolating the height beyond supported range. Curves corresponding to six different building heights are considered.
7. Modeling of the Propagation Environment

A simple way of modeling streets is to assume the buildings are placed according to the Manhattan Grid. Although not all cities have such a regular building structure it may still be used to generate channels with properties decently representative for more general urban environments. It also has the advantage of simplifying the calculations and the Manhattan Grid is already part of the ITU-R channel based models. 
The heights of buildings need to be specified. Here, we for simplicity propose to assume a constant building height as given by a clutter height parameter
[image: image19.wmf]cl
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. It may be worthwhile to consider amending this highly regular architecture with a few buildings of different height to more accurately model a high-rise scenario.
Proposal

· The position of streets need to be taken into account to accurately model path loss as well as angular characteristics

· Consider using buildings placed according to the Manhattan Grid for simplifying calculations
· As baseline building height is assumed constant according to a clutter height parameter
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· Consider amending model with a few building of different height to cover high-rise scenario
8. Antenna Models

New antenna models are needed to capture the characteristics of active antenna systems (AAS). In particular, models for the subelements used to form larger antenna/antenna array structures are needed. Together with the 3D-extension of the channel model this would enable the generation of channels for the subelements to be performed using a similar methodology as what is being done today of conventional antennas (which tend to be composed of multiple subelements as illustrated in Figure 1).
Observation

· Models for the subelements used to form larger antenna/antenna array structures are needed

Model for subelements need to include new antenna diagrams. Compared with the antenna diagram of the 3GPP 3D antenna in Table A.2.1.1-2 of [1] , it is clear that the elevation beamwidth will be substantially larger because of the much smaller physical size in the vertical direction. We should also take the opportunity to investigate whether the effects of coupling should be included in the new models. 

Proposal

· Antenna diagrams of subelements need to be developed

· Investigate whether coupling should be modeled

The antenna and channel models may later be used for assessing the performance of elevation beamforming and FD- MIMO. Such schemes exercise tight control of the phase and amplitude of individual subelements, i.e., subelement weights can be controlled and changed on a dynamic basis. Schemes that rely on fixed subelement weights form appropriate baselines for measuring performance gains of these new techniques. This immediately raises the question what fixed subelement weights to assume when assessing these baseline schemes. The weights need to be well-designed or otherwise the reported performance gains risk to be exaggerated resulting in misleading conclusions. 
Proposal
· Schemes employing fixed weights for control of subelements constitute baseline for assessing gains of elevation beamforming and FD-MIMO

Ultimately, it makes sense to compare the performance of new schemes with at least the simplest baseline scheme – a scheme which uses conventional antennas. As evident from Figure 1, conventional antennas are composed of subelements. The weightings are moreover fixed. For fair performance comparisons, it is therefore important that baseline schemes are evaluated using fixed weights applied to the same type of subelements as used for elevation beamforming and FD MIMO and the fixed weights should be well-designed to match the properties of a conventional antenna (which in practice naturally need to be well-designed).
Proposal

· The fixed subelement weights in baseline schemes should be well-designed and matched to the properties of a conventional antenna
· A commonly agreed set of subelement weights need to be developed to ensure consistent results
9. Determination of NLOS Arrival and Departure Directions
This section provides examples on ways to determine angles of departure and arrival, including in the elevation domain, needed in the proposed modeling approach based on two main paths of propagation (c.f., Figure 4). For simplicity a Manhattan Grid with constant building height 
[image: image21.wmf]cl
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is tacitly assumed throughout the section.
9.1. Azimuthal Angles

For propagation around buildings, departure and arrival angles in the azimuthal plane are essentially obtained from the UMi channel model but modified to follow the dominant propagation path, i.e., they spread around a street direction instead of as currently around the LOS azimuthal direction 
[image: image22.wmf]LOS
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 (c.f., (17-18) in Section B.1.2.2.1 of [1] ). Azimuthal angles for the main propagation path above rooftops are obtained from the UMa channel model without modifications since centering propagation around
[image: image23.wmf]LOS
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makes sense for above rooftop propagation as there are no streets for the signals to follow. Determination of NLOS angles of departure and arrival in the azimuthal plane may proceed as follows
· Above rooftop propagation: obtained from UMa Step 7 (c.f., Section B.1.2.2.1 of [1] )
· Propagation around buildings: obtained from UMi in Step 7 of (c.f., Section B.1.2.2.1 of [1] ) but modified by replacing 
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 in (17) — (18) with the angle corresponding to the direction of the nearest street of the relevant transmitter/receiver
9.2. Elevation Angles for Propagation around Buildings
The NLOS elevation angles of departure and arrival may be found by considering the geometry of the problem as illustrated in Figure 6. The easiest case is propagation around buildings for which the difference between receiver height 
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, transmitter height 
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, and the total propagation length 
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of the n:th cluster may be used similarly as in [4] to determine the elevation angle as
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where 
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is the speed of light, 
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 is the transmitter to receiver 3D distance, and 
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 the cluster specific time-delay as given by Step 5 in Section B.1.2.2.1 of [1] . The 
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term and the minus operation is here, and subsequently, performed to measure the elevation angle with respect to the z-direction instead of with respect to the x,y-plane.
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Figure 6: Elevation angle for around building propagation given by total propagation length and tx/rx heights.
9.3. Elevation Angles for Propagation above Rooftops
Deriving elevation angles for propagation that go partly or fully over the rooftops involves finding the first and the last diffraction edge (sometimes the same) in the azimuthal direction of departure and arrival, respectively. A diffraction edge corresponds to the edges of a roof of building. Since a Manhattan Grid is used, it is easy to find the diffraction edge which is closest to a transmitter/receiver in the azimuthal direction of departure/arrival. 
9.3.1 Either Transmitter or Receiver above Rooftops and the other below Rooftops
When the transmitter is above and the receiver below rooftops, the delay spread is assumed to be attributed to scattering above rooftops before the diffraction edge down to the receiver is reached. The propagation path that determines the elevation departure angle of a cluster is assumed to cover an above rooftop distance of
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 represents the distance in the x,y-plane along the azimuthal direction of departure 
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 for the n:th cluster from the transmitter to the diffraction edge close to the receiver. Let 
[image: image38.wmf]edge

rx

tx

x

-

,

be the x-component of a vector from the transmitter to the vertical plane containing a diffraction edge along the y-direction and close to the receiver. The vector is perpendicular to the vertical plane. An illustration of the setup in the x,y-plane is provided in Figure 7 from which  The elevation angle of departure for a transmitter above the rooftop can then be obtained as
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If the diffraction edge is instead along the x-direction, 
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 should be replaced with the y-component 
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 of a vector from the transmitter to the vertical plane containing the diffraction edge. Furthermore, the same formula applies for AoDs at the receiver if “tx” is interchanged with “rx”.
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Figure 7: Determining geometrical distance in the x,y-plane to an edge in y-direction close to the receiver.
9.3.2 Both Transmitter and Receiver above Rooftops
In the case that both the transmitter and the receiver are above rooftops, the above rooftop propagation part for a cluster is assumed to cover a propagation distance
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where 
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 represents the geometrical distance in the x,y-plane between transmitter and receiver. The distance corresponding to the cluster delay is added to take into account that delayed clusters tend to be further away from the transmitter and thus their elevation angle should be closer to the horizontal plane. The angle of departure can now be determined as 
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Obviously, also here can AoAs, instead of AoDs, be obtained by interchanging “tx” with “rx”.
9.3.3 Both Transmitter and Receiver below Rooftops
For a transmitter below rooftops, the propagation is upwards towards a nearby diffraction edge. Thus, the transmitter’s own diffraction edge is used in contrast to the above rooftop case for which the diffraction edge associated with the receiver was used. Let 
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 represent the distance in the x,y-plane along the azimuthal direction of departure 
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 for the n:th cluster from the transmitter to the diffraction edge close to the transmitter. Furthermore, let 
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be the x-component of a vector from the transmitter to the vertical plane containing a diffraction edge along the y-direction and close to the transmitter. The vector is perpendicular to the vertical plane. This setup is similar to the one depicted in Figure 7 but with “rx” replaced with “tx”. The elevation angle of departure for a transmitter below the rooftop can now be obtained as
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10. Conclusions

This contribution discussed ways to extend the current ITU-R based channel models to more realistically cope with the presence of a third dimension – the elevation domain. Based on the discussions and observations above we propose as follows
Concept of modeling the two main paths of propagation

· Model signals propagating outdoor along two main propagation paths – around buildings and above rooftops

· Develop a channel model that works for general BS heights, general building heights and general UE heights

· Strive for making channel properties reciprocal, i.e., the channel model does not depend on whether a tx/rx is a UE or base station and hence the propagation is similar

· Modeling of elevation angles is determined by the 3D position of, and the environment around, the tx/rx (which can be either a base station or a UE) and not on the type of device
· Separately model signals propagating outdoor along the two main paths – around buildings and above rooftops

· Outdoor around building propagation can be based on the UMi model

· Outdoor above rooftop propagation can be based on the UMa model

· Combine the two main propagation paths into one channel model

· Model that signals propagating around buildings tend to have angular spread around the street directions rather than around the LOS direction
· A NLOS cluster corresponds to one of the two main propagation paths; either to above rooftop propagation or to around building propagation

· UMi and UMa based clusters are generated separately and the channel impulse response is obtained as the union of all clusters

· Consider schemes for pruning clusters to maintain the same number of clusters as in current 2D channel models

· Strive to preserve difference in path gain of the two main paths

LOS/NLOS modeling
· Introduce spatial correlation when selecting between LOS or NLOS state

· Remove discontinuous jumps in path loss level over geographical locations due to switching of LOS/NLOS state
· LOS/NLOS modeling is made dependent of transmitter/receiver and building height
Path loss models
· Extend path loss models to cover more general base station , UE and building heights

· Consider modifying path loss formulas for more realistic height dependence and smooth transition to LOS path loss
Propagation environment

· The position of streets need to be taken into account to accurately model path loss as well as angular characteristics

· Consider using buildings placed according to the Manhattan Grid for simplifying calculations

· As baseline building height is assumed constant according to a clutter height parameter
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· Consider amending model with a few building of different height to cover high-rise scenario
Antenna models
· Antenna diagrams of subelements need to be developed

· Investigate whether coupling should be modeled

· Schemes employing fixed weights for control of subelements constitute baseline for assessing gains of elevation beamforming and FD-MIMO

· The fixed subelement weights in baseline schemes should be well-designed and matched to the properties of a conventional antenna

· A commonly agreed set of subelement weights need to be developed to ensure consistent results
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