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1 Introduction
At the RAN#58 plenary meeting it was agreed to start work on channel model for device-to-device studies to be conducted by RAN1 WG. According to the study item description document [1], the RAN1 WG is tasked to:

· Define an evaluation methodology and channel models for LTE device-to-device proximity services, including scenarios to compare different technical options to realize proximal device discovery and communication, appropriate performance metrics, and performance targets (e.g. range, throughput, number of UEs supported).
In this document, our main focus is on modelling the shadow fading for UE-UE channel modelling while our views on D2D pathloss models and overall UE-UE channel modelling are provided in companion contrinutions [2]

 REF _Ref355950848 \r \h 
[3].
2  Shadow Fading for UE-UE Links
Shadow fading is one of the most important large scale channel propagation properties that characterize UE-UE propagation models. The choice of the shadow fading model can, in general, be expected to affect system level evaluations of D2D operation, and thereby, may significantly affect D2D discovery and communication design concepts. 
2.1 Shadow fading modelling in Cellular Systems

In typical system level analysis of cellular systems, shadowing auto-correlation is modeled with an exponential function R(d) = exp (-d/dcorr), where dcorr is the decorrelation distance that depends on the propagation environment and d corresponds to the distance between two UE locations (x1 and x2). This can be used to model shadow fading auto-correlation for the case of UE movement from location x1 to x2. It can also be used to effectively model the cross-correlation between the shadow fading for the links from an eNodeB to two UEs in relative proximity. This is typically implemented by considering a uniform grid of locations spanning the UE locations corresponding to the same site, generating Gaussian i.i.d. random variables with zero-mean and unit variance, and then filtering this with a 2-D FIR filter to generate the exponential auto-correlation. Cross-correlation between links to/from UEs served by different eNodeBs is not modelled, while cross-correlation from a particular UE to two neighbouring eNodeBs is modeled by a constant correlation coefficient of 0.5.
In Table 1, we summarize shadow fading standard deviation values reported in different publicly available sources [4]-[11]. 

Table 1: Summary of shadow fading values reported in different sources
	Name
	Shadow fading standard deviation, dB

	
	LOS
	NLOS

	
	Outdoor-to-Outdoor (O2O)

	LTE TDD eIMTA SI [4]
	12
	12

	ITU-R P.1411-6 [5]
	7
	7

	ETSI-TETRA [6]
	NA
	NA

	Ofcom Project [7]
	6
	7

	SPPC [8]
	Depends on d
0 - 2
	Depends on d 
0 - 22

	IEEE 802.11 TGah [9]
	NA
	7.5

	ITU-R UMi (eNB-UE link) [10]
	3
	4

	
	Outdoor-to-Indoor (O2I)

	Winner+ UMi O2I [11]
(Winner+ scenario B4)
	7
	7

	
	Indoor-to-Indoor (I2I)

	IEEE 802.11 TGah [9]
	2
	3 – 5

	ITU-R InH [10]
	3
	4


3 Discussion on Shadow Fading for D2D evaluations
As elaborated in this section, D2D system deployments have somewhat different considerations for shadow fading characteristics compared to system models for traditional cellular communication systems. D2D discovery applications assume high geographical density of user terminals. This means that there is small distance between UEs and thus it may lead to interlink dependencies in terms of statistical properties, e.g. correlation of shadow fading. To get more insights into this problem, the number of UEs physically located in one Macro cell sector (area equal to
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, where ISD is inter-site distance) can be roughly estimated using population density numbers for large cities (see Table 2).
Table 2: Estimates of the average number of UEs in Macro-cell sector
	City
	Population density, per km2
	Number of UEs per Macro-cell sector area (ISD = 500m)
	UE-UE distance, m (square grid)

	Tokyo
	14400
	1039
	8.33

	Seoul
	17473
	1261
	7.57

	New York
	10519
	759
	9.75

	London
	5200
	375
	13.87

	Moscow
	4705
	339
	14.58


The rough estimates of UE-UE distance (assuming square grid with equal distances between UEs), provided in Table 2, show that it is in the range of 8-15m. It should be noted, that these rough estimates are derived based on average numbers and in some districts of the cities the density is expected to be higher in several times. However this effective increase in density may be compensated by the existence of several operators that may serve users on different frequencies.
The large amount of UEs and small inter UE distances may result in interlink dependencies, e.g. correlated shadow fading of UE-UE links or interlink eigenvalue correlation, etc. The interlink dependency requires new multi-link channel modelling approaches [12]-[13]. The joint characterization of multiple UE-UE radio links in stochastic modelling is not a trivial task. Its proper design requires substantial efforts in terms of measurements, model development and simulation complexity. In particular, it is challenging to introduce interlink correlation for all large scale channel parameters such as AoD and AoA angle spreads, K-factor, delay spreads and shadow fading. Although all large scale propagation parameters are expected to be cross-correlated for different links we believe that at least cross correlation for shadow fading should be considered by the RAN1 WG.

3.1 Shadow Fading Spatial Correlation

One of the physical phenomena contributing to correlation of shadow fading is the presence of common scatterers or clusters that introduce correlation between two or more links. In application to D2D studies, the spatial correlation of shadow fading may be considered for:

· eNB-UE links. The shadow fading on eNB-UE links is likely to be correlated when UEs are close to each other (eNB-UEi, eNB-UEj, when UEi and UEj are nearby). This correlation may be important if impact from bidirectional UE-UE transmissions on cellular infrastructure needs to be evaluated;

· UE-UE links. The shadow fading on UE-UE links is likely to be correlated since UEs are in close proximity and may have the same set of obstacles that contribute to the total value of shadow fading. For D2D studies the shadow fading correlation may be of two types: 1) correlation between links sharing one TX or RX node UEi-UEj, UEn-UEj and 2) correlation between disjoint links connecting different nearby UE pairs UEi-UEj UEn-UEm. 
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Figure 1: UE-UE Correlation of shadow fading

Note that another salient characteristic of shadow fading for UE-UE links is the consideration of scatters/attenuators at both ends of the link. This is not necessary for eNB—UE links as the impact of shadowing is mainly relevant for UE locations and not for eNBs due to the relatively larger terminal height. Additionally, with regard to time auto-correlation of shadow fading, UE-UE links are different from traditional eNB—UE links due to possible mobility at both transmitter (TX) and receiver (RX) ends. 
Based on the above, we make the following observations:

Observation 1:

Shadow fading on UE-UE links is likely to be spatially correlated.
Observation 2:

For accurate modelling of auto-correlation properties of shadow fading on UE-UE links, node mobility and shadowing at both link ends should be considered.

4 Analysis of available models on UE-UE Shadow Fading
The accurate modelling of shadow fading is not trivial or easy in terms of general applicability and implementation complexity. In this section, we provide a brief summary of available models for UE-UE shadow fading and analyze the feasibility of some selected models from available in the literature and those proposed by companies at the RAN1 #72bis meeting in terms of model applicability, accuracy, and complexity. 
The majority of the existing shadow fading correlation models do not take into account correlation of disjoint links and assume two types of correlation function: 1) correlation exponentially decaying with distance [14]-[15], or correlation function that decreases with separation angle and relative distance [16]. Recently, several approaches have been proposed to accommodate cross-correlation of shadow fading for disjoint links. The idea in [12]-[13] is based on introduction of common clusters. In short, it is proposed to extend geometry-based stochastic channel models (GSCMs) to support multi-link simulations and control the correlation between different links by allowing a certain proportion of the energy in different links to propagate through the same clusters. Another approach is to use spatial loss field [15], represented by isotropic wide sense stationary Gaussian random field, with zero mean and predefined correlation function. This model allows calculating the shadowing correlation between any two link pairs.
In the following, we present brief overviews for some selected models for UE-UE shadow fading considering D2D deployments. Specifically, the following models are studied:
1. Model A as proposed in [14], [17]
2. Model B as proposed in [15]
3. Models C1 and C2 as proposed in [18], [19] and [20] respectively
Model A 
In [14], the authors propose a shadow fading model for peer-to-peer links considering mobility at both link-ends. The correlation model is based on the classical exponentially decaying auto-correlation model 
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where dcorr, the decorrelation distance, is defined as the distance at which the correlation drops to 50%. For the peer-to-peer links, for which both link ends could move, the overall joint correlation function (JCF) is modelled as a product of the auto-correlation models corresponding to each of the link-ends: 
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where dT and dR are the relative displacements at the TX and RX link-ends. Note that the above formulation of the JCF is based on the assumption that the mobility and impact from scatterers at the two link-ends are independent of each other. In other words, this model can be seen to be valid only when the relative displacements at the two link-ends are considerably smaller than the TX-RX link-length. 
Using this correlation model a sum-of-sinusoids (SOS) based model is proposed using a discrete version of Monte Carlo sampling Method (DMCM) to generate a shadowing map for the entire network in a computationally efficient way. The DMCM method is realized by a combination of the MCM method and the uniform sampling method (USM). Not only is this approach desirable due to the computational ease of operations involving integers only (faster implementation leading to manageable simulation time), but it also yields a periodic (in spatial domain) shadowing map that can be used to generate a relatively smaller virtual shadowing map (to reduce memory requirements) and using wrap-around to cover larger simulation areas for system level evaluations. For use of this model in UE-UE links, it is recommended to use the symmetric DMCM method to ensure that shadow fading is symmetric for the link irrespective of the identification of the respective link-ends as TX and RX. Other parameters for this model can be used as recommended in [17][14], 
. 
Although the above model provides a reasonable approach to model correlated shadow fading for UE-UE links, an important shortcoming of this model lies in the adopted correlation model. Towards this, first we observe that this model can also be applied for cross-correlation between disjoint links under appropriate conditions. As described above, this correlation model assumes that the displacement at each end is relatively much smaller than the length of the UE-UE link. Therefore, this model can only be applied to disjoint links with end-points separated by a much smaller distance than the length of the two links in consideration. For general cases of disjoint links, as in the example shown in Figure 1, the application of the model is ambiguous and can be expected to underestimate the cross-correlation between the disjoint links, thereby affecting the accuracy of the model. In this regard, it should be noted that most of the UE-UE links in D2D discovery scenarios and D2D communication scenarios (especially those involving hotspot type of UE dropping) can be expected to belong to this case for which the proposed model would not be accurate due to the violation of the fundamental assumption in deriving the correlation model.
Model B

Reference [15] proposes a network shadowing (NeSh) model for modelling of UE-UE shadow fading. A spatial loss field is considered based on an isotropic Gaussian random field realization and the shadow fading for the link between any pair of UEs is given by the line integral of this spatial loss field weighted by the length of the link. Accordingly, covariance and cross-covariance matrices for a single link or multiple links are computed assuming a distance-based exponentially decaying spatial correlation as detailed in [15]. For simulation, i.i.d. Gaussian random vectors corresponding to all the links in the system are generated with zero-mean and unit variance and then they are multiplied by the square root of the overall covariance matrix. 
While this model can be quite accurate and can be applied to generic set of UE-UE links unlike Model A, for practical simulation of the agreed D2D scenarios, this model can be seen to be computationally prohibitive (also observed in [18]). Specifically, as the number of nodes in the system increases (which can be significantly large especially for D2D discovery studies), the number of links to consider increases as a quadratic function of the number of nodes and factorization of the large covariance matrix becomes practically impossible.
Further, it is worth mentioning here that Model B yields a model wherein the variance of the shadow fading (in dB) for a particular link is approximately independent of the link-length only when the length of the link is much greater than the decorrelation distance. Given that decorrelation distance depends on the environment and has been reported to be as high as 20m even for terminals with low antenna heights [14] and the fact that UE-UE distances can be as small as few meters (as explained in Section 3), this assumption can be expected to be violated quite often in D2D evaluations. This would lead to a non-constant diagonal of the covariance matrix even if a common value of shadow fading standard deviation is assumed (and hence, expected) for links of a particular type (O2O, O2I, I2I, LOS, NLOS) in the system (cf. Table 1). 
Models C1 and C2 

Some very similar simplified correlation models for UE-UE shadow fading have been proposed at the RAN1#72bis meeting in [18],[19] and [20]. While the proposed models in [18] and [19] are identical (referred to as Model C1 in this work), [20] proposes a slightly modified version of Model C1 (referred to as Model C2 in this work). 
According to Models C1 and C2, the method of generation of the shadow fading values at different UE locations is exactly same as used for modelling of shadow fading auto-correlation based on exponentially decaying correlation assumption for simulation of cellular systems as described in Section 2.1. Then, the shadow fading for a UE-UE link is obtained by just summing the shadow fading values at the end points with a normalization. Assuming a common standard deviation value at all four UE locations, the shadow fading cross-correlation for the disjoint links from UE #1 ( UE #2 and UE #3 ( UE #4 of Figure 1 can be derived as 
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 is the vector comprising of the distances corresponding to the respective direct and cross link-ends. 
An important observation regarding Model C1 is that the summing of the shadow fading values at the end-points is valid only when the length of the UE-UE link is much greater than the decorrelation distance so that the effect of the scatterers near each end of the link (TX or RX) can be considered as independent. As commented above with respect to a similar limitation of Model B, for the agreed D2D scenarios, this property should not be expected to be satisfied for all UE-UE links. If Model C1 is applied directly to such cases, the resulting shadow fading cross-correlation for two disjoint links can be overestimated significantly as can be expected from the nature of the cross-correlation function 
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presented above.
Model C2 [20] tries to address this concern by proposing a modified version of Model C1 wherein the shadow fading for a UE-UE link is derived with consideration of the length of the link. Specifically, Model C2 reduces to Model C1 when the length of the UE-UE link is greater than a specified distance threshold dTh2. For links with lengths less than another distance threshold dTh1 (with dTh1< dTh2), it is proposed in [20] to apply a much smaller value of standard deviation for the shadow fading for the link. Finally, for links of lengths between dTh1 and dTh2, it is proposed that the link shadow fading has the same standard deviation as the standard deviation of shadow fading at the two UE locations. However, it needs to be ascertained as to how the exact shadow fading value for the link would be obtained for the two cases when the length of the UE-UE link is smaller than dTh2. 
Towards this, first we observe that the variance of shadow fading at two UEs relatively close to each other (e.g., link length less than dTh2) can be expected to be the same. To address the above issue, we propose the following model based on Models C1 and C2 (in the following, dUE-UE is the length of the UE-UE link). First, the shadowing map is generated as proposed in Model C1. Next, we propose the following modelling approach for link shadow fading depending on the link distance:
· If dUE-UE ≥ dTh2, then apply Model C1 to obtain link shadow fading values

· If dTh1 ≤ dUE-UE ≤ dTh2, then the link shadow fading value is approximated by SFUE-UE = min(SFUE#1, SFUE#2) where SFUE#i is the shadow fading at the location of UE #i. This is motivated by the fact that for this range of UE-UE links, both UEs can be expected to experience scattering and attenuation due to similar set of scatterers and attenuators. However, given the shadowing map realization described above, the shadow fading values at the two UEs would most likely not be the same, hence the minimum operation is introduced in spirit of the fact that for most such situations, the shadow fading for the UE-UE link can actually be expected to be smaller than the shadow fading at each UE location.
·  If dUE-UE ≤ dTh1, then the UEs are in very close proximity the transmitted signals may not undergo significant shadowing. Consequently, it is proposed to model the link shadow fading (in dB) for this case using a Gaussian random variable with zero-mean and a low standard deviation, e.g., 3dB as recommended in [20].
The values of the above thresholds can be defined relative to the definition of the decorrelation distance. For example, assuming that decorrelation distance is defined as the distance at which the correlation drops to 1/e, dTh1 can be defined as dTh1 = 0.05*dcorr  (correlation > 95%) and dTh2 can be defined as dTh2 = 1.35*dcorr (correlation > 25%).
5 Conclusions
In this contribution, we reviewed details regarding modelling of shadow fading for UE-UE links for D2D system level studies. Based on our analysis, we propose the following:
Proposal 1:

· The realistic modelling of the UE-UE shadow fading correlation is complicated and computationally intensive, therefore if it is agreed by RAN1 WG to model shadow fading correlation the simplified approach should be considered. 
Proposal 2:

· The following procedure for correlation of UE-UE link shadow fading can be considered:
· Generate shadow fading map using exponentially decaying spatial correlation assumption as done for simulations of cellular systems.

· Determine the link shadow fading for UE#1 ( UE#2 link according to the following methodology:
· If dUE-UE ≥ dTh2, then apply Model C1([18],[19]) to obtain link shadow fading values

· If dTh1 ≤ dUE-UE ≤ dTh2, then the link shadow fading value is approximated by SFUE-UE = min(SFUE#1, SFUE#2) where SFUE#i is the shadow fading at the location of UE #i. 

·  If dUE-UE ≤ dTh1, then model the link shadow fading (in dB) using a Gaussian random variable with zero-mean and a low standard deviation, e.g., 3dB as recommended in [20].
· The values of the above thresholds can be defined relative to the definition of the decorrelation distance. For example, assuming that decorrelation distance is defined as the distance at which the correlation drops to 1/e, dTh1 can be defined as dTh1 = 0.05*dcorr  (correlation > 95%) and dTh2 can be defined as dTh2 = 1.35*dcorr (correlation > 25%).
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