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1
Introduction
It was agreed in RAN#58 plenary meeting to start a study on LTE device to device (D2D) proximity services [5]. In this document we discuss the D2D channel models that are relevant for the study.

D2D propagation differs from cellular propagation because

•
Both terminals are low, and thus they see similar scattering environment around them. The environment is likely to be different than that in cellular propagation. This affects several propagation characteristics in path loss, shadowing and small scale fading. 

•
Both terminals can be moving. This affects autocorrelation properties of shadowing and fast fading. 

The majority of propagation research is focusing in cellular environment, i.e. when one end of the link is several meters high. The results of such work cannot necessarily be applied in D2D propagation. Some studies are also available on peer-to-peer links, where both TX and RX are low.

When channel models are being defined, the aim is to create such model, which can provide realistic results in both link and system simulations. In this contribution special attention is given to the consistency of the model, i.e. that the channel model should not bias the results when comparing different technologies. 
2
Spatial consistency
Spatial consistency means that links that are close to each other should be somewhat similar. It also means that when a UE moves, path loss and shadowing should change only gradually and in all cases the channel should be continuous. Also when different models (e.g. outdoor and indoor models from different sources) are applied in the same simulation, they should be compatible in a way that one model isn’t more favourable than others, and thus give unjustified gain or loss. This design principle should be taken into account when designing a D2D channel model. Figure 1 is used to illustrate the spatial inconsistency issue, where if the two close-by D2D links are modelled independently, the signal to interference ratio can get artificially high or low in a situation as the one presented in Figure 1. 

[image: image1]
Figure 1: Two close-by links, whose correlation should be taken into account.
Figure 2 shows one example of a situation where spatial inconsistency can lead to incorrect results and conclusions. If the four UEs on the left are in the vicinity of each other (e.g. same building), the links from them to the relaying UE are probably similar, and thus it is likely that either all of them or none of them is able to make a connection in this public safety use case. 
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Figure 2: Close by links. If the links in the upper picture are independent, the scheme of the lower picture looks more favourable than it would when a realistic correlation model is applied. 
The following sections give some examples of spatial inconsistency. 
2.1
Line-of-sight vs. non-line-of-sight
In many channel models there is a separate path loss model for line-of-sight (LoS) and non-line-of-sight (NLoS) links. That was is also one of the options included in the Way Forward proposed in RAN1 #72bis (see [4]). In such a model, it should be defined, how the transition between LoS and NLoS happens. If the user goes around the corner, the power level should not drop instantaneously. Such instantaneous drop is not seen in reality, and it can easily result into call being dropped, because handover or mode switching algorithms are not designed to cope with discontinuities. Same is of course true if an interferer suddenly appears into LoS, and its power suddenly increases several tens of decibels which results in sudden change in SINR. 

Also, if there is no correlation between the LoS probability of close-by links, i.e. if the LoS/NLoS random selection is done independently it could lead to incorrect conclusions, e.g. for the D2D links presented in Figure 2.
2.2 
Outdoor and indoor

If outdoor-to-outdoor (O2O) and outdoor-to-indoor (O2I) models are taken from different sources, these models should be compatible. At least care should be taken that O2I links are not getting artificial benefit over O2O links. This can lead to incorrect conclusions e.g. in a case which is demonstrated in Figure 3. If the links are otherwise the same, the user behind an outer wall should not have a better connection than the outdoor UE. 
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Figure 3: O2O link vs. O2I link. 
2.3
Shadowing correlation

The issue of shadowing correlation is raised in some RAN1 contributions (e.g. [2]) and also in the RAN1 reflector. Same problem arises here: if correlation of two close-by links is ignored, SIR can be unrealistic. 
Modelling shadowing correlation is challenging especially in D2D simulations, where both terminals can be at any location, and therefore the approach of having a pre-calculated shadowing map is not feasible. 

This leads us to the following suggestion:

Proposal 1: Take spatial consistency into account when selecting a channel model. Continuity of pathloss and correlation of close-by links are important features of a D2D channel model. 
3. 
Path loss

3.1 
Outdoor to indoor

For outdoor-to-indoor (O2I) model one possibility is to apply the approach used in 3GPP TR 36.828 for the studies on eIMTA (see [7]) with UE to UE links modeled as UE to HeNB links: 

L = max(2.7+42.8log10(R), 38.46+20log10(R))

+ 0.7d2D,indoor+18.3n((n+2)/(n+1)-0.46)+q( Liw+ Low
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where R indicates the total 3D distance between TX and RX, d2D,indoor is the horizontal distance indoors. Liw=5dB and Low=20dB are the losses due to apartment walls and outer wall, respectively. Parameter q is the number of penetrated apartment walls, n is the number of penetrated floors.

For the small cell scenario a dual-strip model was agreed by RAN1 (see e.g. [1]). These two models are very close to each other, as seen in Figure 4. Only the part that depends on the total distance (first line in Equation (1)) is presented. When the model is applied, on top of the presented components some extra loss must be added to model attenuation inside the building.
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Figure 4: Comparing path losses of TR 36.828 UE to HeNB links with small cell scenario.
Proposal 2: For the outdoor-to-indoor path loss we propose to reuse the outdoor UE – HeNB links from TR 36.828. 

3.2 
Indoor to indoor

For indoor-to-indoor model, the 3GPP InH model was selected as the baseline for Options 1 and 4 in the last RAN1 meeting. In Option 2 the dual strip model was selected. 
To be consistent with the O2I model, we propose to adopt the approach in TR 36.828 where the indoor environment is modeled using the dual strip arrangement of apartments in a building and indoor UE – indoor UE links are modeled as indoor UE – HeNB links:

L = 38.46 + 20log10(R) + 0.7d2D,indoor+18.3n((n+2)/(n+1)-0.46)+q( Liw
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)
where R indicates the total 3D distance between TX and RX, d2D,indoor is the horizontal distance indoors. Liw=5dB is the loss due to apartment wall, q is the number of penetrated apartment walls, n is the number of penetrated floors.

Proposal 3: For the indoor-to-indoor path loss we propose to reuse the indoor UE – HeNB links from TR 36.828. 

3.3 
Outdoor to outdoor

In TR 36.828 the Xia model was used for outdoor-to-outdoor (O2O) links between UEs (see [7] and [8]). An alternative model in ITU-R P.1411-6 (see [3], Section 4.3) is one of the few available models which is actually based on O2O measurements where both ends of the link are low. Some more information on the measurements can be found in [6]. The model is applicable in outdoor suburban, urban and urban/high-rise environments. It covers frequencies from 300 to 3000MHz, and link lengths up to 3km. 

Unlike many models, ITU-R P.1411-6 model does not give a deterministic path loss as a function of distance, but “transmission loss”, which is the combination of path loss and shadowing. Transmission loss is calculated using a random variable p ( [0,100], which mimics the LoS/NLoS (line of sight / non line of sight) random selection and the random shadowing. While suitable for modeling single static D2D links, in system simulations the approach taken in ITU-R P.1411-6 can be problematic. For example, two UEs with slightly different values for p can have a significant difference in their transmission losses, even if located close by, as demonstrated in Figure 5. Same problem occurs, if p changes when the same UE moves. Hence, variations of p for different links within one drop can cause artificial power differences. Therefore, if such model is adopted for RAN1 simulations, simulations should assume a single value of p for each drop, in which case a suitable value would be the median value p=50. In this case, shadowing has to be taken into account separately (c.f. Section 4).
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Figure 5: Transmission loss as a function of p, urban, 2 GHz.

With p=50 and transition region width w=20m, the ITU-R P.1411-6 D2D model can be presented with following equations:
LLoS(d) = 32.45dB +20log10 (f ) +20log10 (d/1000),  
d≤44.2m















(3)

LNLoS(d) = 9.5dB +45log10 (f ) +40log10 (d/1000) + Lurban,  
d≥64.2m













(4)

Ltrans(d) = LLoS(44.2m)+(LNLoS(64.2m)- LLoS(44.2m))((d-44.2m)/20m,  
44.2m<d<64.2m
 







(5)

where Lurban is a parameter than depends on the environment, 0 dB for suburban, 6.8 dB for urban and 2.3 dB for dense urban/high-rise. Distance d is given in meters and frequency f in megahertz and the results are in decibels. 

Path loss as a function of distance with p=50 is plotted in Figure 6. The curves contain a “LoS region”, “NLoS region” and “transition region” between LoS and NLoS. In reality, when a LoS/NLoS transition occurs, e.g. when a UE goes around the corner, the change is never instantaneous, but because of diffraction at the corner the power of the LoS path decreases gradually. ITU-R P.1411-6 model specifies how gradually, i.e. it tells the steepness of the slope in LoS/NLoS transitions. The three environments differ from each other only in the NLoS region.
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Figure 6: Path loss as a function of distance, 2GHz, p=50.
In Section 2 we highlighted the importance of consistency. To obtain consistency between the O2I and O2O models, a modification to the ITU-R P.1411-6 model is proposed. If in Equation (4) a different value for Lurban is used, it can be compatible with the O2I model discussed in Section 3.1. 
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Figure 7: Comparison of O2O and O2I models.
The compatibility of O2O and O2I models is studied in Figure 7. For the O2I models only the part that depends on the total distance (first line in Equation (4)) plus the outer wall attenuation is presented. When the model is applied, on top of the presented components some extra loss must be added to model attenuation inside the building. That attenuation depends on the internal structure of the building, and is therefore not included in the figure. 

Proposal 4: For the outdoor-to-outdoor path loss we propose using the low height model of ITU-R P.1411-6 (Section 4.3) with the parameter p = 50 and Lurban= -8dB.
4. 
Shadowing

Shadowing could be added on top of the path loss presented in Section 2, including the O2O model of ITU-R P.1411-6, because the constant value of p=50 is used. The original ITU-R P.1411-6 model contains log-normal shadowing with standard deviation (STD) of 7 dB both in LoS and NLoS. In HeNB to outdoor UE model of TR 36.828 the STD is 4 dB, and that could be used also here.

Proposal 5: We propose log-normally distributed shadowing as presented in Table 1.

Table 1: Shadowing standard deviation.

	
	Shadowing standard deviation
	Reference

	O2O
	7 dB
	ITU-R P.1411-6 [3]

	O2I
	4 dB
	TR 36.828 [7]

	I2I
	4 dB
	TR 36.828 [7]


 4.1 
Shadowing correlation properties

Autocorrelation properties of shadowing are needed in dynamic simulations, i.e. when the UEs move. Cross-correlation of shadowing affects e.g. SIR calculation or multi-hop links. As discussed in Section 2 and e.g. in [10], ignoring cross-correlation can have an effect on the performance, especially when there are several links close by. 

In cellular case, shadowing autocorrelation is modeled with exponential function R=e-x/D. Pre-calculated 2D look up tables are used to indicate the value of shadowing in each geographic location (xUE,yUE).This approach describes well both cross-correlation of two links and autocorrelation in dynamic simulations. In D2D case, as both TX and RX can be at any location, with the similar approach as cellular case, the look up table would be 4D: (xUE1,yUE1,xUE2,yUE2), which would be very memory-consuming and complex. 

One possibility for a simplified model is to utilize a similar shadowing map as in cellular case, and take the sum of the values at each end of the link. The sum of the two normally distributed variables is also normally distributed, and the desired standard deviation is obtained by properly scaling the result by 
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, where SFUEi is shadowing value taken from the same 2D map for the i-th UE. 
[image: image18.png]200

180

160

140

120

y coord. [m]
2 o o B
s & & 8

~
S

Shadowing at given location [dB]

20

40

60

80 100 120
x coord. [m]

140

160

180

200

15

10

10




Figure 8: Shadowing map.
This model is computationally simple, and it treats both ends of the link symmetrically. When each end moves, the shadowing is smooth and continuous, i.e. autocorrelation properties are realistic. When only one terminal moves, the autocorrelation reduces back to similar model what is used in cellular case. The cross-correlation properties of two links are also reasonable: two links are correlated if they have a common end. This can anyhow in some cases exaggerate the cross-correlation. 

Ignoring correlation and just taking independent shadowing for each link is another possibility. That would of course be computationally easy. In that case the time evolution in dynamic simulations needs still to be specified. Cross-correlation of two closely located links might be unrealistic, but the impact on the simulation results depends on scenarios and evaluated metrics.

Proposal 6: If RAN1 agrees to modeling the correlation, we propose to utilize one simplified model where a similar shadowing map is generated as in cellular case, and take the sum of the values at each end of the link 
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, where SFUEi is the shadowing value taken from the same 2D map. 
5. 
Fast fading

One issue to be taken into account on a D2D channel model is the Doppler spread, which arise due to the fact that in a D2D link both ends might be moving.  For pedestrian speeds the issue is not expected to bring significant impacts, but since in RAN1in RAN1#72bis it has been agreed that speeds up to 120 km/h are in scope of the SI for Public Safety scenario, Doppler analysis is needed. A simple way to take into account Doppler for each ray (if a geometry-based channel model is used) is presented in the appendix.
However, several aspects of D2D operations can be analysed with currently available channel models, for example D2D discovery and communications range and the corresponding amount of D2D devices within range in different scenarios, which has impact on the design of D2D discovery signals and D2D communications approach to resource allocation and interference management. Moreover, the simulation complexity in case hundreds of D2D devices are present in a cell should not be underestimated, and in any case initial evaluations could be done without including fast fading, at least for D2D discovery.

Proposal 7: Doppler spread in case of moving D2D links should be further analysed in RAN1. Initial evaluations of D2D discovery and communications performance may be performed without modelling fast fading, e.g. for metrics related to D2D discovery and communications ranges. 
6
Conclusion
We see that channel model should be consistent, meaning that certain links should not get artificial benefit due to inconsistency of the model. Incorrect conclusions can be drawn, if an inconsistent model is used. To obtain consistency, we propose:  
Proposal 1: Take spatial consistency into account when selecting a channel model. Continuity of pathloss and correlation of close-by links are important features of a D2D channel model. 

In this contribution we have discussed propagation in D2D environment. It differs from conventional cellular propagation in some ways, because both TX and RX are at low height, and because both can be moving. Based on our findings we propose:
Proposal 2: For the O2I path loss we propose to reuse the outdoor UE – HeNB links from TR 36.828. 

Proposal 3: For the I2I path loss we propose to reuse the indoor UE – HeNB links from TR 36.828. 

Proposal 4: For the O2O path loss we propose using the low height model of ITU-R P.1411-6 (Section 4.3) with parameters p = 50 and Lurban= -8dB.
Proposal 5: We propose adding lognormal shadowing with standard deviation of 7 dB in O2O environment, and 4 dB in O2I and I2I environments.

Proposal 6: If RAN1 agrees to modeling the correlation, we propose to utilize one simplified model where a similar shadowing map is generated as in cellular case, and take the sum of the values at each end of the link 
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, where SFUEi is the shadowing value taken from the same 2D map. 
Proposal 7: Doppler spread in case of moving D2D links should be further analysed in RAN1. Initial evaluations of D2D discovery and communications performance may be performed without modelling fast fading, e.g. for metrics related to D2D discovery and communications ranges. 
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Appendix: Doppler analysis
In D2D both TX and RX are moving, which has an effect also on small scale characteristics of the channel. The Doppler frequency of the direct ray is proportional to the relative speed:
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Figure 9: Doppler frequency of the direct ray is proportional to the relative speed.

For indirect scattered ray, the Doppler frequency depends on the angles of the departure and arrival:
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assuming multiple scatterings and statics scatterers. This gives the maximum Doppler frequency: 
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i.e. speeds of both users affect the fast fading. 
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Figure 10: For indirect scattered ray, the Doppler frequency depends on the angles of the departure and arrival.
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