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1. Introduction
This contribution discusses modifications to channel models commonly used in 3GPP for system level evaluations. The intent is 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 UMa and UMi 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 a 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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where
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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,
[image: image4.wmf]rx
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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. Channel Characteristics Needing Extended Models

As pointed out in our companion contribution [5] , the decision on multi-floor UE dropping directly implies a number of modifications to channel models in order for the decision to make sense. As a minimum, we need to make LOS/NLOS state and path loss dependent on the UE height in addition to modeling elevation angles of departure and measure distances in 3D instead of in 2D. The latter in order to avoid unrealistically low path-loss level for UEs very close to a node to make it feasible to model smaller cell sizes. This would also align the distance assumption with the recent decision in the Small Cells study item.
Observation

· The decision on multi-floor UE dropping implies that LOS/NLOS state, path loss, and elevation angles all have to be made UE height dependent or else multi-floor UE dropping does not make sense

Proposal

· Modifications of channel models needed both for above and below rooftop deployments and include at least introducing
· UE height dependent LOS/NLOS state

· UE height dependent NLOS path-loss

· UE height dependent elevation angles of departure

· Distance measured in 3D
The remainder of this contribution is spent on describing concrete and simple proposals on modifications to the existing UMa and UMi models to address the above mentioned modeling needs. The modifications have been tuned towards the baseline scenario we propose in our companion contribution [6] . This scenario has similar building height (20 m on average), macro height (5 m above building height) and micro height (10 m above ground) as what is already assumed in the UMa and UMi models.

4. Modeling of LOS/NLOS

To investigate how LOS/NLOS state depends on UE height, a geometric 3D model of a city was developed corresponding to the baseline scenario. The city model incorporates streets/avenues and with a building height uniformly distributed between 15 and 25 m. The average building height is thus 20 m, which matches well to the building height assumed in the existing UMa/UMi models. Base stations were placed at building corners; macros 5 m above rooftops and micros 10 m above ground and a total of 125 base station locations were used. Again note that all these heights match the UMa and UMi assumptions quite well. 
Observation

· A synthetic geometric model of a city was generated to investigate how LOS/NLOS state varies with UE height

In this synthetically created model of a city, UEs were placed at building facades. The LOS/NLOS state for each UE was then determined purely from geometrical considerations using ray tracing, although the ray tracing is in this case much simpler than usual since it only involves determining whether any buildings collide with a straight line going from the base station to the UE. For the special case of LOS determination, ray tracing is actually a highly suitable method that in many ways is preferable over real measurements which typically can only collect quite limited data. This should however not be interpreted as that ray tracing can replace measurements in general to conclude on channel properties in NLOS conditions. In fact, ray tracing techniques are known to have problems with modeling basic phenomena such as diffractions in an accurate manner and quite easily lead to non-physical results. This is not the case for determining LOS/NLOS state which is a purely and simple geometric exercise.

Observation
· Ray tracing based techniques were used to determine whether a UE is in LOS or not

· Ray tracing for LOS determination is preferred over measurements because of possibility to generate sufficient amount of data

· Ray tracing does not in general replace measurements since ray tracing is known to be plagued by problems to model important phenomena such as diffraction


[image: image12]
Figure 1: Synthetically generated city with the UEs on the building facade in LOS to the base station (marked with a start) are marked iwth red dots.
A picture of the generated city is shown in Figure 1. One of the macro base stations is there marked with a star and the UEs that are in LOS with that base station are marked with red dots. Clearly, and as expected, it is seen that UEs high up in the buildings have a much greater chance in being in LOS conditions than for UEs closer to ground level. This is further verified by collecting all the realizations of LOS/NLOS state and based on those compute the probability for a UE at a certain distance and height to be in LOS. The results are shown in Figure 2 for macros and micros respectively. It is seen that for micros there is not much of height dependence, which is to be expected for the considered type of city architecture with rather similar building heights. It is also seen that the current LOS probability function for UMi is well-matched to the computed LOS probabilities. Inspecting the left graph reveals a clear height dependence for the macro base stations and it also seen that current LOS probability function for UMa 
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is accurate in predicting the LOS probability for UE on ground level, again confirming the validity in the assumed city architecture. However, the UMa LOS probability function fails in accurately representing the correct LOS probability for UE heights above around 13 m. The error in the model is substantial and for many of the UE heights beyond 100 m the error is above 50%. 
Observation

· LOS probability for above rooftop macros has a clear height dependence not captured by the existing UMA LOS probability function

· LOS probability for below rooftop micros shows good match with the existing height independent UMi LOS probability function
Proposal

· LOS probability function for UMa needs to be modified taking UE height into account
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Figure 2: Computed LOS probability as function of distance for a number of different UE heights. Left graph is for macros and right graph for micros.

Curve fitting techniques applied to the computed probability curves in Figure 2 were employed to try to come up with an analytical expression of a more accurate LOS probability function. This resulted in the following formula
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which introduces a slight modification to the formula by means of the height compensation term 
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. This modified LOS probability function corresponds to the dotted curves in Figure 3 and is seen to provide a quite good match.
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Figure 3: LOS probability as a function of distance and for different UE heights. Dotted curves correspond to proposed modification of the LOS probability function.

Proposal

· Consider adopting the above modification for introducing UE height dependency to the LOS probability function for UMa in a baseline scenario with 20 m average building height

5. Dual Propagation Route Modeling for NLOS

Modeling NLOS situations is somewhat more involved than the very simple case of LOS. Path loss and departure angles need to be modified to include the vertical dimension and introduce UE height dependence. Before describing our proposals in the area, it is instructive to first consider a basic propagation phenomenon that to a large degree affects the channel characteristics when the vertical domain is considered. This will be helpful in the following in building simple yet rather reasonable models.

Measurements as well reasoning based on experience of propagation phenomena demonstrate that signals tend to propagate along two widely different routes. One propagation route is below rooftops and around buildings and the other route is above rooftops. This is illustrated in Figure 4 and can be seen in channel measurements as depicted in Figure 5. More details on these measurements can be found in [4]  (which incidentally won “The Best Propagation Paper Prize awarded by EurAAP at EuCAP 2012”). It is also interesting to note that a similar dual propagation route approach has been proposed in the D2D topic (c.f. discussions related to Figure 1 in [9] ).
As we will see later in this contribution, this kind of dual propagation route modeling also simplifies in capturing path loss characteristics as a function of UE height as well as how to introduce elevation angular spread.

Observation

· NLOS signals tend to propagate along two different and separate routes

· around buildings below rooftops

·  above rooftops

Proposal

· Introduce dual propagation route modeling for NLOS in the sense of modeling  signals propagating outdoor along two main propagation routes

· around buildings below rooftops

· above rooftops

[image: image18.emf]
Figure 4: NLOS propagation from a low power node below rooftops along the two routes – above rooftops and around buildings.
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Figure 5: View from base station showing directions of departure along the two propagation routes – above rooftops and around buildings.
6. Path Loss Models for NLOS
The path loss formula for the current ITU-R based UMa shows clearly that NLOS path loss is height dependent. In fact, there is an abundance of measurement results in the literature showing the height dependence of path loss. Also we note that proposals on introducing models for height dependent path loss has been proposed by others [7] in the Small Cells study item and for consistency it should then also apply to the present study item (after all the propagation environment does not change just because we change study item).
Observation

· Plenty of measurement results in the literature for how path loss depends on UE height, at least for above roof top macros
· Lack of measurements results is hence not a valid argument for avoiding to introducing height dependent path loss.

· Height dependent path loss has already been proposed by others in the small cells study item [7] 
However, the ITU based channels are very limited in covering the impact of UE height, which should at least include all heights up to the building height. 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 UE height of 1.5 m. We also see that UMa has a rather restrictive range for the 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 6. 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 some sort of cap at line-of-sight path loss in order to avoid an ever decreasing path loss as UE height increases. Instead, with the current extrapolated formula the path loss continues to reduce with increasing UE height. 

Observation

· Current path loss model for UMa clearly show that path loss is a function of UE height

· Current path loss models are valid for an insufficient and very limited range of UE 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  height

· As UE height increases beyond building height path loss should not be less than LOS path loss 
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Figure 6: 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.

The height dependence of NLOS path loss is largely caused by diffraction and the diffraction angle towards the UE. It is well-known that the attenuation caused by a diffraction increases with increasing diffraction angle, as illustrated in Figure 7. 
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Figure 7: NLOS path loss depends on UE height largely through diffraction of signals on an edge close to the UE.

Devising a model for how NLOS path loss depends on UE height is much simplified if we treat the propagation route of above rooftops separately from the route around buildings. This since the height dependence is different for the two routes and because the strength of one propagation route compared to the other varies with distance. From geometrical reasoning it should be clear that the route around buildings does not exhibit strong height dependence; diffraction edges are typically vertical so UE height does not influence the attenuation much. The same is clearly not true for above rooftop propagation as seen in Figure 7 above. 
Observation

· Impact of UE height on NLOS path loss is different for the two routes of above rooftops and around buildings. 

· Sometimes the above rooftops route is stronger than the around building route and vice versa, depending on UE height and distance

· Modeling UE height impact on path loss is hence simpler if the two propagation routes are modeled separately since the impact is different for the two propagation routes

Based on the above analysis it appears reasonable to model NLOS path loss for the around building propagation route as independent of UE height. This approximation is however not appropriate for the above rooftops propagation route. 
6.1. Above Rooftops Propagation Route

Based on measurement results for macros [8], for convenience reproduced in Figure 8, we see that UE height provides a path loss difference of 30 — 40 dB between ground level and the highest UE position which corresponds to LOS path loss. We also see that ITU UMa model does not at all capture the correct height dependence. A linear fit with decreasing path loss of 1.5 dB/m and capped by the LOS path loss seems to provide a decently good match with the measurement results.
Proposal

· NLOS path loss for the above rooftop propagation route from a macro decreases with 1.5 dB/m and is capped by the LOS path loss:
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Figure 8: The right graph contains measurement results on how received power depends on UE height [8] . Left graph reproduces the measurement result (blue curve) and compares it with ITU UMa and a line fitted to the measurement curve.
For a micro below rooftops, the propagation route above rooftops is also heavily dependent on UE height. The measurements presented in Figure 8 can once more be used to deduce the height impact. Figure 9 shows that the same diffraction edge close to the UE is involved as for the macro thereby providing motivation for why the path loss for the micro should have similar height dependence as the macro, i.e., 1.5 dB/m. However, the figure also shows that compared to the propagation from the macro there is an additional diffraction edge close to the micro that is not present in the macro case. Except for the extra diffraction edge, the path loss for the above rooftops route should be roughly similar to the macro path loss for the same route. The contribution to the path loss of the diffraction edge can be inferred from Figure 8 by considering how much a diffraction edge reduces the received power when lowering the height 15 meters from 25 m (corresponding to the average macro height) to 10 m (corresponding to the micro height). Using the linear fit model 1.5 dB/m we infer roughly a path loss increase of 20 dB due to the additional diffraction edge. 
Observation

· The above rooftop propagation route for a micro mainly differs from the same route for the macro in an extra diffraction edge close to the micro

· Impact of extra diffraction can be inferred from height dependence curves measured for UEs of different height due to reciprocity

Proposal

· NLOS path loss for the above rooftop propagation route for a micro is given by
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[image: image25.emf]Same height dependence as for macro
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Figure 9: The above rooftops propagation route from a micro.

6.2. Around Buildings Propagation Route

For the around building propagation route height dependence does not need to be modeled since diffraction edges tend to be parallel with the vertical direction. Obviously, the path loss in the micro case can be modeled by the existing UMi NLOS path loss. But this path loss can actually be used for modeling also the NLOS path loss of the around buildings propagation route from a macro. To see this, consider Figure 10 and note the similarity of macro and micro propagation when it comes to the around buildings route.

[image: image26.emf]
Figure 10: The around building propagation route exhibits quite similar characteristics for macro (left) and micro (right).
Proposal

· NLOS path loss for the around building propagation route is both for macro and micro taken to be equal to the UMi path loss

7. Determination of NLOS Elevation of Departure Directions
This section deals with deriving simple formulas for the elevation angles of departure. As in the previous sections, the two propagation routes above and around buildings are for now treated separately.  The fact that signals tend to propagate simultaneously along both of these two routes is a main source of elevation angular spread, in addition to the spread caused by the multipath clusters within a route. 
Observation

· A main source of elevation angular spread stems from the dual propagation routes

· In addition to the elevation angular spread within each propagation route

Keep in mind that departure angles alone are not sufficient to characterize the directional characteristics of the channel. Devising departure angles is meaningless unless a path loss can be associated with each departure angle; a channel may very well have most of the departure angles in a certain direction but those directions would not be important to model if the path loss of those directions is substantially larger than the path loss of other directions. The dual propagation route methodology automatically takes care of assigning each direction a reasonable path loss since each propagation direction can be assigned a path loss level proportional to the path loss of the corresponding propagation route. 
Observation

· Each departure direction needs to be associated with a corresponding path loss in order for departure direction to be meaningful

· The strongest departure directions are the most relevant

· The dual propagation route approach automatically assigns suitable path loss levels since the two propagation routes have individual path loss as previously proposed
7.1. Around Buildings Propagation Route
The NLOS elevation angles of departure may be found by considering the geometry of the problem as illustrated in Figure 11. Elevation angles for propagation around buildings are determined based on path length and height difference. Hence, the difference between receiver height 
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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 vertical z-direction instead of with respect to the horizontal x,y-plane. The formula holds both for micro and macro cases. 

As is evident from the formula, each cluster gets a different elevation angle due to its unique propagation time. This contributes to angular spread in addition to the angular spread stemming from dual propagation paths. Also, it automatically introduces a desirable dependency between timed delay and elevation angle in that signals that are delayed more tend to have a more horizontal direction.
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Figure 11: Elevation angle for around building propagation given by total propagation length and tx/rx heights.
7.2. Elevation Angles for Propagation above Rooftops

Determining elevation angles for the above rooftops propagation route may be determined with rather similar principles as in the around buildings case. The situation for the macro scenario is depicted in Figure 12. 

[image: image37.emf]
Figure 12: Above buildings propagation for the macro scenario

As illustrated in the figure, the departure direction now tends to be determined by a diffraction edge on top of a building. Thus it is the difference in height between the base station and the buildings together with the path length that now determines the elevation angle
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The building height 
[image: image39.wmf]building
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 may here be set to the average building height (20 m in our considered baseline scenario) or be made to vary stochastically around the average if additional elevation angular spread is desired.

The propagation direction for the micro case is quite different from the macro case. The reason is because the micro is below the rooftops and the signals are likely to diffract on a nearby building as illustrated in Figure 13.
[image: image40.emf]W


Figure 13: Signals from a micro experience a diffraction edge on a building close to the micro.
A simple model of the departure elevation angle can then be obtained by considering the difference in base station height and height of the nearby building as well as assuming a street width W to get 
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It may make sense to randomize the building height slightly around the average building height. Likewise, the street width may be randomized as well for further variations in elevation angle. 

8. Combining the Models of the Two Propagation Routes

This contribution has up till now treated the two propagation routes separately, and with good reason since it simplifies taking UE height into account and assigning suitable power levels for each departure direction. In practice, the signals propagating along the two routes are both reaching the receiver. In other words, the receiver sees a superposition of the two signals. This is certainly one way to combine the contributions from the two routes, but it also means that the computational complexity of the channel generation increases substantially since essentially a complete UMa and a complete UMi channel needs to be generated for each link and then the resulting channel impulse responses are added together. This will result in twice as many multipath clusters as when only UMa or UMi is used. To avoid such a complexity increase a simple and alternative approach is to do as follows:

1. Use the modified height dependent LOS probability function corresponding to the node of interest, either for macro or for micro. If the UE is deemed to be in LOS, the channel is generated from UMa for a macro and UMi for a micro. DONE.
2. If the channel is not in LOS, compute NLOS path loss for the two routes resulting in 
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, respectively, where x denotes either “macro” or “micro”. 

3. Only the strongest of the two NLOS routes is selected and the corresponding path loss is thus set to
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4. Generate cluster powers Pn according to step 6 in Section B.1.2.2.1 for both UMa (above rooftops route) and UMi (around buildings route) leading to power 
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 for the n:th cluster of UMa and UMi, respectively. 
5. Select a subset of the clusters from the two routes striving to get a subset of clusters from each route in proportion to each route’s NLOS pathgain. That is, strive for letting a fraction 
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of the total NLOS cluster power to come from the above rooftops propagation route and the rest from the around building route. Here “pg” denotes pathgain and is in linear scale. One way to get roughly the intended power fraction for each route is to do as follows:
a. Select the first cluster from the UMa (above rooftops route)  realization if R > 1, otherwise select it from the UMi realization
b. Compute the power ratio 
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using the clusters selected so far
c. If 
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, select an additional cluster from the UMi realization, otherwise select one from the UMa realization

d. Repeat from b until the desired number of clusters has been selected. Finish by normalizing the selected cluster powers so that they sum to one

6. For each of the selected clusters, generate channel matrices according to the corresponding channel type (UMa or UMi) using the associated cluster power obtained from step 4 and using the NLOS path loss from step 3. DONE.
9. 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 analysis we here highlight just one of the proposals

· Modifications of channel models needed both for above and below rooftop deployments and include at least introducing

· UE height dependent LOS/NLOS state

· UE height dependent NLOS path-loss

· UE height dependent elevation angles of departure
· Distance measured in 3D

Concrete and simple proposals on how to extend UMa and UMi to handle UE height dependent path loss, LOS/NLOS state, and departure elevation angles can be found in previous sections. 
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